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T h i s  r e p o r t  was p r e p a r e d  a s  -an a c c o u n t  o f  G o v e r n m e n t  s p o n s o r e d  
w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  N a t i o n a l  A e r o n a u t i c s  
a n d  S p a c e  A d m i n i s t r a t i o n  ( N A S A ) ,  n o r  a n y  p e r s o n  a c t i n g  o n  b e h a l f  
o f  NASA:  

A) Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  
o r  i m p l i e d ,  w i t h  r e s p e c t  to t h e  a c c u r a c y ,  com- 
p l e t e n e s s ,  o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n -  
t a i n e d  i n ,  t h i s  r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m -  
a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  
r e p o r t  may n o t  i n f r i n g e  p r i v a t e l y  owned  r i g h t s ;  o r  

B) Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  use o f ,  

i n f o r m a t i o n ,  a p p a r a t u s ,  m e t h o d  o f  p r o c e s s  d i s s c l o s e d  
i n  t h i s  r e p o r t .  

f o r  f o r  d a m a g e s  r e s u l t i n g  from t h e  use o f  a n y  

Y 

I As u s e d  a b o v e ,  R p e r s o n  a c t i n g  o n  b e h a l f  o f  N A S A ”  i n c l u d e s  a n y  
e m p l o y e e  o r  c o n t r a c $ o r  o f  NASA,  o r  e m p l o y e e  of s u c h  c o n t r a c t o r ,  
‘ t o  t h e  extent t h a t  s w c h  e m p l a y e e  o r  c o n t r a c t o - r  o f  N A S A ,  o r  

‘ e m p l o y e e  o f  such c o n t r a c t o r  p m p a r e s ,  d i s s e n r i n a t e s ,  o r  p r o v i d e s  
a c c e s s  t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  h i s  e m p l o y m e n t ’ o r  c o n t r a c t  
w i t h  N A S A ,  o r  h i s  e m p l o y m e n t  w i t h  s u c h  c o n t r a c t o r .  
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ABSTRACT 

A n g u l a r - c o n t a c t  b a l l  b e a r i n g s  (25-mm b o r e ,  2 0 5 - s i z e )  m a d e  
w i t h  v a c u u m - m e l t e d  WB-49 t o o l  s t e e l  r i n g s  a n d  M-1 s t e e l  b a l l s  
a n d  c a g e s  h a v e  b e e n  t e s t e d  a t  6 0 0 ° F ,  43,000 r p m ,  a n d  459 l b s .  
t h r u s t  l o a d  w i t h  M o b i l  XRM-177F h y d r o c a r b o n  l u b r i c a n t  ( c o n t a i n -  
i n g  a n  a n t i - w e a r  a d d i t i v e )  u s i n g  a l o w  o x y g e n  e n v i r o n m e n t .  No 
f l a k i n g  f a t i g u e  f a i l u r e s  o c c u r r e d  i n  a g r o u p  o f  30 s u c h  b e a r i n g s  
t e s t e d  t o  t w i c e  t h e  AFBWA-computed L 1 o  l i f e .  T h r e e  b e a r i n g s  i n  
t h i s  g r o u p  f a i l e d  by s m e a r i n g  a t  l i v e s  g i v i n g  an  e s t i m a t e d  L 1 0  
l i f e  o f  1 . 4  t i m e s  t h e  AFBMA-computed L l o ,  i n d i c a t i n g  t h a t  
a d e q u a t e  l u b r i c a t i o n  u n d e r  t h e s e  extreme c o n d i t i o n s  i s  p o s s i b l e  
a n d  t h a t  n o  r e d u c t i o n  i n  b e a r i n g  d e s i g n  l i f e  i s  r e q u i r e d ,  A l s o  
e v i d e n t ,  h o w e v e r ,  w a s  t h e  f a c t  t h a t  s m e a r i n g  f a i l u r e s  a r e  t o  b e  
a n t i c i p a t e d  i n  o p e r a t i o n  a t  t h e s e  extreme c o n d i t i o n s  a n d  t h a t  
d e s i g n  s o l u t i o n s  c a p a b l e  o f  r e d u c i n g  t h e i r  i n c i d e n c e  w i l l  f u r t h e r  
e n h a n c e  b e a r i n g  r e l i a b i l i t y  i n  s e r v i c e .  

A b l a c k - o x i d e  c o a t i n g  commonly  u s e d  on  a e r o s p a c e  b e a r i n g  
s u r f a c e s  t o  i m p r o v e  b e a r i n g  p e r f o r m a n c e  u n d e r  m a r g i n a l  l u b r i c a -  
t i o n  c o n d i t i o n s  w a s  f o u n d  t o  a t t a c k  t h e  s u r f a c e s  o f  WB-49 s t e e l  
r i n g s  e x c e s s i v e l y ,  c a u s i n g  a d r a s t i c  r e d u c t i o n  i n  l i f e ,  t h e r e f o r e ,  
u n c o a t e d  b e a r i n g s  were u s e d  i n  t h e  a b o v e  t e s t  g r o u p .  

A l o t  o f  M-50 t o o l  s t e e l  b e a r i n g s  w a s  m a n u f a c t u r e d  f o r  use  
o n  s u b s e q u e n t  T a s k s .  
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b y  L .  B.  S i b l e y  a n d  L.  A. P e a c o c k  

EIE F I n d u s t r i e s ,  I n c ,  

FOREWORD 

T h i s  i s  t h e  F i n a l  Summary R e p o r t  s u b m i t t e d  i n  f u l f i l l m e n t  
o f  T a s k  O r d e r  No. 2 u n d e r  N A S A  C o n t r a c t  No. NAS3-7912 e n t i t l e d  
" A  S t u d y  o f  Extreme T e m p e r a t u r e  A e r o s p a c e  B e a r i n g  L u b r i c a t i o n  
S y s t e m s " .  I t  e n c o m p a s s e s  r e s e a r c h  c o n d u c t e d  f r o m  N o v e m b e r  22, 
1965 t h r o u g h  A p r i l  30, 1967 a n d  p r e v i o u s l y  r e p o r t e d  i n  M o n t h l y  
P r o g r e s s  R e p o r t s  No. 1 t o  1 0 .  

S U M M A R Y  

A g r o u p  o f  30 a n g u l a r - c o n t a c t  25-mm b o r e  b a l l  b e a r i n g s  m a d e  
o f  v a c u u m - m e l t e d  h i g h - t e m p e r a t u r e  t o o l  s t e e l s  w e r e  l i f e  t e s t e d  
s u c c e s s f u l l y  a t  600OF o u t e r - r i n g  t e m p e r a t u r e  w i t h  a s y n t h e t i c  
h y d r o c a r b o n  l u b r i c a n t  h a v i n g  an  a n t i - w e a r  a d d i t i v e .  T h e  t e s t s  
were c o n d u c t e d  o n  2 b e a r i n g s  a t  a t ime i n  5 X F  I n d u s t r i e s '  t e s t  
r i g s  s i m u l a t i n g  t y p i c a l  h i g h - s p e e d  a e r o s p a c e  a u x i l i a r y  d r i v e  
s p i n d l e s .  T h e  r i g s  h a v e  l a b y r i n t h  s e a l s  a n d  were i n e r t  g a s  b l a n k e t e d  
t o  p r o v i d e  a n  o x y g e n  c o n t e n t  o f  l e s s  t h a n  o n e  p e r c e n t  i n  t h e  a t m o s p h e r e  
o v e r  t h e  l u b r i c a n t .  

T h e  i n n e r  a n d  o u t e r  r i n g s  o f  t h e  2 0 5 - s i z e  t e s t  b e a r i n g s  
(3 !F 7205 V A R )  were made  o f  c o n s u m a b l e - e l e c t r o d e  v a c u u m  
m e l t e d  ( C V M )  WB49 t o o l  s t e e l  and t h e  b a l l s  o f  C V M  M - 1  t o o l  
s t e e l .  T h e s e  s t e e l s  h a v e  h o t  h a r d n e s s  a n d  s t a b i l i t y  c h a r a c t e r -  
i s t i c s  m a k i n g  t h e m  s u i t a b l e  b e a r i n g  r i n g  a n d  b a l l  m a t e r i a l s  up  
t o  t e m p e r a t u r e s  o f  1OOOOF a n d  800°F, r e s p e c t i v e l y .  T h e  c a g e s  i n  
t h e s e  b e a r i n g s  were m a d e  o f  s i l v e r - p l a t e d  M - 1  s t e e l  w i t h  e x t r a  
w i d e  g u i d e  l a n d  s u r f a c e s .  T h e  n o m i n a l  c o n t a c t  a n g l e  o f  t h e  t e s t  
b e a r i n g s  w a s  1 9 O ,  t h e  n o m i n a l  i n n e r - r i n g  b a l l - g r o o v e  c o n f o r m i t y  
w a s  5 2 . 4 %  a n d  t h e  n o m i n a l  o u t e r - r i n g  c o n f o r m i t y  w a s  53.2%, w i t h  
t h e  r i n g s  f i n i s h e d  t o  a c r o s s - g r o o v e  r o u g h n e s s  o f  l e s s  t h a n  4 
m i c r o i n c h e s ,  rms. A l l  b e a r i n g s  were t e s t e d  w i t h  M o b i l  XBM-177F 
l u b r i c a n t  c i r c u l a t e d  a t  a n o m i n a l  4 0 0  c c / m i n  t h r o u g h  e a c h  b e a r i n g  
a t  43,000 rpm s h a f t  s p e e d  u n d e r  459 l b s ,  t h r u s t  l o a d ,  c o r r e s p o n d -  
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i n g  t o  a maximum c o m p u t e d  H e r t z  c o n t a c t  s t r e s s  o f  2 5 3 , 0 0 0  p s i  ( o n  
t h e  o u t e r  r i n g )  a n d  a n  AFBMA-computed b e a r i n g  L 1 o  l i f e  = 9 3  h o u r s  
o r  2 4 0  m i l l i o n  i n n e r - r i n g  r e v s ,  ( 56  h o u r s ,  o r  1 4 4 . 5  m i l l .  r e v s .  
a c c o u n t i n g  f o r  c h a n g e s  i n  c o n t a c t  a n g l e  d u e  t o  t h e  m o u n t i n g  f i t s  
u s e d  a n d  t h e  c e n t r i f u g a l  a n d  g y r o s c o p i c  f o r c e s  o n  t h e  b a l l s ,  
w h i c h  a r e  n e g l e c t e d  i n  AFBMA l i f e  c o m p u t a t i o n s ) .  

No f a i l u r e s  o c c u r r e d  f r o m  f a t i g u e  s p a l l i n g  o f  t h e  b a l l s  o r  
r i n g  t r a c k s  i n  t h e  30 b e a r i n g s  t e s t e d  u n d e r  t h e  a b o v e  c o n d i t i o n s  
t o  a t i m e - u p  l i d e  o f  180 h o u r s  ( 4 6 4  m i l l .  r e v s . ) ,  T h r e e  b e a r -  
i n g s  f a i l e d  by s m e a r i n g  ( g r o s s  m e t a l  t r a n s f e r  o n  t h e  b a l l s  a n d  
g r o o v e s  d u e  t o  l u b r i c a t i o n - r e l a t e d  t h e r m a l  i n s t a b i l i t i e s )  a t  l i v e s  
o f  18 t o  4 8 . 9  h o u r s  ( 4 7  a n d  1 2 6  m i l l .  r e v s , ) .  A maximum l i k e l i -  
h o o d  e s t i m a t e d  b e a r i n g  l i f e  f o r  t h e  s m e a r i n g  f a i l u r e s  i s  Ll0 = 127 
h o u r s  ( 3 2 8  m i l l ,  r e v s , ) .  T h e s e  r e s u l t s  i n d i c a t e  f u l l y  a d e q u a t e  
r e l i a b i l i t y  o f  t h i s  b e a r i n g - l u b r i c a n t  c o m b i n a t i o n  u n d e r  t h e s e  t e s t  
c o n d i t i o n s ,  c o m p a r e d  t o  AFBMA s t a n d a r d s ,  w i t h  t h e  p o s s i b i l i t y  o f  
f u r t h e r  l i f e  i n c r e a s e s  b y  f u r t h e r  i m p r o v i n g  t h e  l u b r i c a t i o n  a n d  
f u n c t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  b e a r i n g s  a n d  t e s t  s y s t e m  s i n c e  
no  l i m i t i n g  f a t i g u e  f a i l u r e s  o f  t h e  b e a r i n g  s t e e l  o c c u r r e d  i n  t h e  
p r e s e n t  t e s t s  . 

A n o t h e r  g r o u p  o f  1 4  b e a r i n g s  were t e s t e d  i n  a m a n n e r  s i m i l a r  
i n  a l l  r e s p e c t s  t o  t h o s e  d e s c r i b e d  a b o v e ,  e x c e p t  t h a t  t h e  t e s t  
b e a r i n g s  ( 5 E F  7 2 0 5  V A K )  were t r e a t e d  w i t h  a b l a c k - o x i d e  s u r f a c e  
c o a t i n g  known t o  r e d u c e  l u b r i c a t i o n - r e l a t e d  f a i l u r e s  o f  b e a r i n g s  
made  o f  5 2 1 0 0  o r  M-50 t y p e  b e a r i n g  s t e e l s .  A l l  o f  t h e s e  t e s t s  
were t e r m i n a t e d  b y  s m e a r i n g  o r  l u b r i c a t i o n - r e l a t e d  s p a l l i n g  
f a i l u r e  a t  l i v e s  o f  0 . 2  t o  9 . 3  h o u r s  (0 .5  a n d  2 4  m i l l .  r e v s . ) .  
T h i s  d r a s t i c  r e d u c t i o n  i n  l i f e  f r o m  t h a t  o b t a i n e d  w i t h  t h e  u n -  
c o a t e d  7 2 0 5  V A R  b e a r i n g s  i s  a t t r i b u t e d  t o  s e l e c t i v e  c h e m i c a l  
a t t a c k  o f  t h e  b l a c k - o x i d e  c o a t i n g  p r o c e s s  o n  t h e  WB-49 s t e e l  
p r o d u c i n g ,  b y  d i f f e r e n t i a l  e t c h i n g  a c c o r d i n g  t o  m a t e r i a l  " f i b e r  
f l o w " ,  a " w a s h b o a r d "  g r o o v e  s u r f a c e  o n  t h e  m e t a l  u n d e r  t h e  c o a t i n g .  

A new l o t  o f  5 4  b e a r i n g s  made  o f  C V M  M-50 t o o l  s t e e l  (5EF 
7205 VAP) w a s  m a n u f a c t u r e d  f o r  u s e  i n  s u b s e q u e n t  t e s t i n g  o n  t h i s  
p r o g r a m  a n d  1 4 6  s e m i f i n i s h e d  r i n g  s e t s  f r o m  t h e  s a m e  l o t  a r e  b e i n g  
h e l d  f o r  f i n i s h i n g  a t  some f u t u r e  d a t e  when r e q u i r e d .  
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INTRODUCTION 

A e r o s p a c e  t u r b i n e  p o w e r  e q u i p m e n t  r e q u i r e s  s h a f t  s u p p o r t  
s y s t e m s  c a p a b l e  o f  r e l i a b l e  o p e r a t i o n  a t  h i g h  s p e e d s  w i t h  s u b -  
s t a n t i a l ,  o f t e n  r e v e r s i n g ,  t h r u s t  l o a d s ,  a n d  f o r  h i g h  e f f i c i e n c y ,  
w i t h  a s  h i g h  o p e r a t i n g  t e m p e r a t u r e  a s  p o s s i b l e .  A n g u l a r - c o n t a c t  
b a l l  b e a r i n g s  a r e  commonly  u s e d  i n  a e r o s p a c e  s y s t e m s  a n d  t h e  
maximum t e m p e r a t u r e  c a p a b i l i t i e s  o f  c o n v e n t i o n a l  b e a r i n g s  a n d  
l u b r i c a n t s  o f t e n  a r e  t h e  l i m i t i n g  f a c t o r s  i n  d e v e l o p i n g  a d v a n c e d  
t u r b i n e  e q u i p m e n t  h a v i n g  i m p r o v e d  r e l i a b i l i t y  a n d  e f f i c i e n c y .  

I n  p r e v i o u s  r e s e a r c h  s t u d i e s  on  t h e  o p e r a t i o n  o f  h i g h - s p e e d  
h i g h - t e m p e r a t u r e  b a l l  b e a r i n g s  (1-9)* ,  t h e r e  h a s  b e e n  s o m e  
s u c c e s s  i n  o b t a i n i n g  l o n g - t e r m  s a t i s f a c t o r y  b e a r i n g  o p e r a t i o n  a t  
t e m p e r a t u r e s  o f  450-500OF a n d  h i g h e r ,  u s u a l l y  u n d e r  r e l a t i v e l y  
l i g h t  l o a d s ,  u s i n g  h i g h - t e m p e r a t u r e  a l l o y  o r  t o o l  s t e e l  b e a r i n g s  
a n d  t h e r m a l l y  s t a b l e  s y n t h e t i c  l u b r i c a t i n g  f l u i d s  o r  s o m e t i m e s  
s o l i d  l u b r i c a n t s .  T h e s e  s t u d i e s  g e n e r a l l y  i n d i c a t e d  t h a t  b a l l  
b e a r i n g s  o p e r a t i n g  a t  t h e s e  t e m p e r a t u r e s  would p r o b a b l y  h a v e  t o  
b e  d e r a t e d  s u b s t a n t i a l l y  i n  l o a d - c a r r y i n g  c a p a c i t y  f r o m  t h a t  o b -  
t a i n e d  w i t h  c o n v e n t i o n a l  l u b r i c a t i o n  a t  o r d i n a r y  t e m p e r a t u r e s  
( 3 ,  5 ,  6 ) .  Some s t u d i e s  h a v e  i n d i c a t e d ,  h o w e v e r ,  t h a t  w i t h  t h e  
p r o p e r  c o m b i n a t i o n  o f  b e a r i n g  m a t e r i a l ,  d e s i g n  a n d  l u b r i c a t i o n ,  
o p e r a t i o n  a t  500OF a n d  600OF c a n  be  a c h i e v e d  w i t h  a s  l o n g  l i f e  
a n d  p e r h a p s  a s  h i g h  r e l i a b i l i t y  a s  a t  l o w e r  t e m p e r a t u r e  ( 8 - 1 2 ) .  

I n  o n e  o f  t h e s e  p r e v i o u s  s t u d i e s  ( 8 ,  9 1 ,  t h e  d e v e l o p m e n t  o f  
t h e  b e a r i n g - l u b r i c a n t  t e s t  f a c i l i t y  u s e d  i n  t h e  p r e s e n t  r e s e a r c h  
i s  d e s c r i b e d .  I t  w a s  s h o w n  i n  t h i s  p r e v i o u s  p r o g r a m  t h a t  t h e  
l i m i t i n g  t e m p e r a t u r e  o f  a w i d e  v a r i e t y  o f  c a n d i d a t e  l u b r i c a t i n g  
f l u i d s  ( s u i t a b l y  i n e r t e d ,  i f  v u l n e r a b l e  t o  o x i d a t i o n )  v a r i e s  
g e n e r a l l y  a s  t h e  v i s c o s i t y ,  a minimum v i s c o s i t y  o f  1 t o  1 . 5 ~ ~  
b e i n g  r e q u i r e d  a t  t h e  b e a r i n g  o p e r a t i n g  t e m p e r a t u r e  t o  a v o i d  
e x c e s s i v e  l u b r i c a t i o n  d i s t r e s s  u n d e r  t h e  t e s t  c o n d i t i o n s  u s e d .  
B e a r i n g s  t e s t e d  w i t h  l u b r i c a n t s  h a v i n g  l e s s  v i s c o s i t y  t h a n  t h i s  
a t  t h e  b e a r i n g  o p e r a t i n g  t e m p e r a t u r e  s u f f e r e d  a g l a z i n g  a n d  
s u p e r f i c i a l  p i t t i n g  t y p e  o f  s u r f a c e  d i s t r e s s  i n  t h e  b a l l  t r a c k s  
w h i c h  r e s u l t e d  i n  a g r e a t l y  r e d u c e d  l i f e  t o  s p a l l i n g  f a i l u r e  o f  
t h e  b e a r i n g ,  T h e s e  v i s c o s i t y  e f f e c t s  a r e  a t t r i b u t e d  t o  t h e  
f o r m a t i o n  o f  e l a s t o h y d r o d y n a m i c  (EHD) f i l m s  a t  t h e  b a l l - r a c e  

"Numbers  i n  p a r e n t h e s e s  r e f e r  t o  R e f e r e n c e s  a t  t h e  e n d  o f  t h i s  
r e p o r t .  
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c o n t a c t s  w h i c h ,  when t h e s e  f i l m s  b e c o m e  t o o  t h i n  c o m p a r e d  t o  
t h e  c o m p o s i t e  b e a r i n g  s u r f a c e  r o u g h n e s s ,  r e s u l t s  i n  i n t i m a t e  
s u r f a c e  c o n t a c t  a n d  a s p e r i t y  i n t e r a c t i o n  m a n i f e s t e d  a s  t h e  
a b o v e - d e s c r i b e d  s u r f a c e  d i s t r e s s .  T h u s  EHD t h e o r y  c a n  b e  u s e d  
t o  e x t r a p o l a t e  t h e s e  r e s u l t s  t o  o t h e r  b e a r i n g  s i z e s  a n d  o p e r a t -  
i n g  c o n d i t i o n s  (13-15). 

B e a r i n g  d e s i g n  p r i n c i p l e s  a n d  t e s t i n g  p r o c e d u r e s  were 
d e v e l o p e d  i n  t h i s  p r e v i o u s  p r o g r a m  (8 ,  9 )  w h i c h  c u l m i n a t e d  
i n  t h e  h i g h - t e m p e r a t u r e  h i g h - s p e e d  l i f e  t e s t i n g  o f  g r o u p s  o f  
b e a r i n g s  m a d e  o f  c o n s u m a b l e - e l e c t r o d e  v a c u u m  mel ted  ( C V M )  M - 1  
t o o l  s t e e l  u s i n g  t h e  m o s t  p r o m i s i n g  c a n d i d a t e  l u b r i c a n t  f r o m  
e a c h  o f  t h e  t h r e e  c a t e g o r i e s  o f  h y d r o c a r b o n ,  e s t e r  a n d  p o l y -  
p h e n y l  e t h e r  b a s e - s t o c k s ,  r e s p e c t i v e l y .  T h i r t y  b e a r i n g s  t e s t e d  
w i t h  t h e  e s t e r - b a s e  c a n d i d a t e ,  E s s o  T u r b o  O i l  35, a t  500OF r e -  
S u l  t e d  p r e d o m i n a n t  l y  i n  l u b r i c a  t i o n - r e 1  a t e d  f a t i g u e  s p a l l i n g  
f a i l u r e s ,  o f  t h e  t y p e  d e s c r i b e d  a b o v e ,  a t  l i v e s  g i v i n g  a n  
e s t i m a t e d  b e a r i n g  l i f e  o f  ?4 t o  !$ o f  t h e  AFBMA-computed l i f e  
f o r  c o n v e n t i o n a l  l u b r i c a t i o n  c o n d i t i o n s .  H a r d  c o k e  d e p o s i t s  
were f o r m e d  w i t h  t h i s  e s t e r  l u b r i c a n t  e v e n  t h o u g h  i n e r t  g a s  
b l a n k e t e d  i c  t h e  t e s t s .  S i m i l a r  t , e s t i n g  a t  600°F w i t h  t h e  
p o l y p h e n y l  e t h e r  c a n d i d a t e ,  M o n s a n t o  S k y l u b e  600, h o w e v e r ;  
r e s u l t e d  p r e d o m i n a n t l y  i n  e a r l y  b e a r i n g  s m e a r i n g  f a i l u r e s  w h i c h  
a r e  c h a r a c t e r i s t i c a l l y  d i f f e r e n t  f r o m  t h e  g l a z i n g  a n d  e a r l y  
s p a l l i n g  f a i l u r e s  d e s c r i b e d  a b o v e .  S m e a r i n g  f a i l u r e s ,  w h i c h  
a r e  o b s e r v e d  a s  g r o s s  m e t a l  t r a n s f e r  a n d  g a l l i n g  o f  a l l  t h e  
r o l l i n g  s u r f a c e s  iri t h e  b e a r i n g ,  a p p a r e n t l y  r e s u l t  f r o m  t h e r m a l  
i n s t a b i l i t i e s  o f  t h e  b e a r i n g - l u b r i c a n t  c o m b i n a t i o n ,  t o  b e  
d e s c r i b e d  i n  m o r e  d e t a i l  l a t e r  i n  t h i s  r e p o r t .  

S i m i l a r  e a r l y  s m e a r i n g  f a i l u r e s  o c c u r r e d  w i t h  t h e  h y d r o -  
c a r b o n  c a n d i d a t e ,  M o b i l  X R M  1 0 9 F ,  w h i c h  i s  a d d i t i v e - f r e e .  
H o w e v e r ,  10 b e a r i n g s  t e s t e d  w i t h  M o b i l  X R M  1 7 7 F  l u b r i c a n t ,  w h i c h  
i s  t h e  XRM 1 0 9 F  b a s e - s t o c k  w i t h  a n  a n t i - w e a r  a d d i t i v e ,  r a n  w i t h -  
o u t  a n y  k i n d  o f  f a i l u r e  a t  600OF t o  l i v e s  o v e r  3 t imes t h e  AFBMA- 
c o m p u t e d  l i f e ,  i n d i c a t i n g  t h a t  h i g h  b e a r i n g  l i f \ e  a n d  r e l i a b i l i t y  
a r e  i n d e e d  f e a s i b l e  a t  t h e s e  t e m p e r a t u r e s  i f  l u b r i c a t i o n - r e l a t e d  
b e a r i n g  f a i l u r e s  c a n  b e  e l i m i n a t e d .  

I t  i s  t h e  p u r p o s e  o f  t h e  p r e s e n t  p r o g r a m  t o  e x t e n d  t h e s e  
e a r l i e r  r e s u l t s  t o  o t h e r  b e a r i n g  s t e e l s  a n d  l u b r i c a n t s  a n d  t o  
t e s t  s u f f i c i e n t  n u m b e r s  o f  b e a r i n g s  t o  e s t a b l i s h  r e l i a b i l i t y  
a n d  l i f e  p a r a m e t e r s  f o r  a e r o s p a c e  b e a r i n g - l u b r i c a n t  s y s t e m  d e s , i g n  
p u r p o s e s ,  I n  t h e  T a s k  r e p o r t e d  h e r e ,  g r o u p s  o f  b e a r i n g s  h a v i n g  
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CVM WB-49 t o o l  s t e e l .  r i n g s  a n d  CVH m - i  b a i i s  were i e s i e d  a t  6 W Q F  
w i t h  M o b i l  XRM 1 7 7 F  l u b r i c a n t .  A l s o ,  CVM M-50 t o o l  s t e e l  b e a r -  
i n g s  were m a n u f a c t u r e d  f o r  u s e  on  s u b s e q u e n t  T a s k s  on  t h i s  p r o g r a m .  

TEST RIGS 

T h r e e  h i g h - t e m p e r a t u r e  h i g h - s p e e d  b e a r i n g  t e s t  m a c h i n e s  
d e v e l o p e d  b y  i3EF I n d u s t r i e s ,  I n c . ,  a n d  f i t t e d  w i t h  c o n s t a n t  
S p e e d  43,000 rpm d r i v e s  f o r  e n d u r a n c e  t e s t i n g ,  were u s e d  o n  t h i s  
T a s k .  A l a y o u t  s k e t c h  o f  t h i s  r i g  i s  shown i n  E n c l o s u r e  1 a n d  
i t s  d e s i g n  a n d  o p e r a t i o n  a r e  d e s c r i b e d  i n  d e t a i l  i n  ( 8 ,  9 ) .  
E s s e n t i a l l y ,  e a c h  r i g  t e s t s  t w o  7 2 0 5  a n g u l a r - c o n t a c t  b a l l  b e a r -  
i n g s  m o u n t e d  on t h e  s a m e  s h a f t  a n d  t h r u s t  l o a d e d  a g a i n s t  e a c h  
O t h e r  b y  a d e a d  w e i g h t  a n d  l e v e r  s y s t e m .  S c r e w  pumps  m a c h i n e d  
i n  t h e  s h a f t  b e t w e e n  t h e  two t e s t  b e a r i n g s  c i r c u l a t e  t h e  t e s t  
l u b r i c a n t  f r o m  a 2000 c c  sump t h r o u g h  t h e  b e a r i n g s  a n d  b a c k  t o  
t h e  sump t h r o u g h  s i g h t - f l o w  t u b e s  u s e d  a s  a v i s u a l  c h e c k  o n  t h e  
l u b r i c a n t  f l o w  t h r o u g h  t h e  b e a r i n g s .  N i t r o g e n  g a s  i s  s u p p l i e d  
a s  an  i n e r t  b l a n k e t  o v e r  t h e  o i l  i n  t h e  sump a n d  t o  b o t h  e n d s  o f  
t h e  t e s t  b e a r i n g  h o u s i n g .  Mass s p e c t r o m e t e r  a n a l y s i s  o f  t h e  
a t m o s p h e r e  i n  o n e  r i g  d u r i n g  a t y p i c a l  t e s t  i n d i c a t e d  a n  o x y g e n  
c o n t e n t  o f  0 . 9 6 % .  L u b r i c a n t  i s  r e p l e n i s h e d  p e r i o d i c a l l y  t o  t h e  
sump a s  i t  i s  l o s t  b y  e v a p o r a t i o n  a n d  by s l i g h t  l e a k a g e  t h r o u g h  
t h e  l a b y r i n t h  s e a l  on  t h e  d r i v e  e n d  o f  t h e  s h a f t ,  

E a c h  r i g  i s  d r i v e n  t h r o u g h  a s p e e d - i n c r e a s e r  g e a r b o x  a n d  
q u i l l  c o u p l i n g  b y  a 60 h o r s e p o w e r  i n d u c t i o n  m o t o r  a n d  i s  l o c a t e d  
w i t h  i t s  d r i v e  i n  a n  e x p l o s i o n - p r o o f  t e s t  c e l l .  O v e r a l l  v i e w s  
o f  o n e  t e s t  r i g  i n  i t s  t e s t  c e l l  a n d  i t s  c o n t r o l  c a b i n e t  l o c a t e d  
o u t s i d e  t h e  c e l l  a r e  shown i n  E n c l o s u r e s  2 a n d  3, r e s p e c t i v e l y .  
T e s t  b e a r i n g  a n d  o i l  t e m p e r a t u r e s  a r e  m a i n t a i n e d  b y  e l e c t r i c a l  
c a r t r i d g e - h e a t e r s  i n  t h e  r i g  h o u s i n g  a n d  sump w a l l s ,  t h e  h e a t e r s  
b e i n g  c o n t r o l l e d  b y  t i m e - p r o p o r t i o n i n g  o n - o f f  t e m p e r a t u r e  c o n -  
t r o l l e r s .  T e m p e r a t u r e  f l u c t u a t i o n s  a r e  e v e n e d  o u t  b y  t h e  r e l a -  
t i v e l y  m a s s i v e  s t e e l  s e c t i o n s  i n  w h i c h  t h e  h e a t e r s  a r e  i m b e d d e d .  
A t  t h e  h i g h  b e a r i n g  t h r u s t  l o a d s  a n d  s p e e d s  u s e d  f o r  e n d u r a n c e  
t e s t i n g ,  h o w e v e r ,  t h e  t e s t  b e a r i n g s  t h e m s e l v e s  g e n e r a t e  a l m o s t  
e n o u g h  h e a t  t o  m a i n t a i n  t h e  r i g  t e m p e r a t u r e  a t  5 0 0 ° F  t o  600°F, 
s o  t h a t  f a n  c o o l i n g  o f  t h e  h o u s i n g  i s  e m p l o y e d  t o  t h e  d e g r e e  
n e c e s s a r y  t o  m a i n t a i n  s o m e  h e a t e r  i n p u t  p o w e r  f o r  t e m p e r a t u r e  
c o n t r o l  p u r p o s e s .  

TEST BEARINGS 

T h e  r i n g s  a n d  b a l l s  o f  t h e  t e s t  b e a r i n g s  f o r  t h i s  p r o g r a m  
were m a n u f a c t u r e d  f r o m  a i r c r a f t  b e a r i n g  q u a l i t y  (GYM) t o o l  s t e e l s  
h a v i n g  t h e  m o s t  p r o m i s i n g  f a t i g u e  l i f e ,  h i g h - t e m p e r a t u r e  s t a b i l i t y  
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a n d  l o n g - t e r m  h o t  h a r d n e s s  c h a r a c t e r i s t i c s .  B a s e d  o n  t h e  
a v a i l a b l e  d a t a  on  t h e s e  p r o p e r t i e s  r e v i e w e d  i n  ( 8 ,  9 1 ,  CVM 
86-1, CVM WB49 and CVM M-50 s t e e l s  were s e l e c t e d .  T h e  com- 
p o s i t i o n  a n d  e s t i m a t e d  maximum u s e f u l  t e m p e r a t u r e  o f  t h e s e  
b e a r i n g  s t e e l s  a re  g i v e n  i n  E n c l o s u r e  4 .  T h e  d e s i g n  a n d  
s p e c i f i c a t i o n s  o f  t h e  7205  VAK a n d  7205  VAR t e s t  b e a r i n g s  h a v -  
i n g  WB49 s t e e l  r i n g s  a n d  M - 1  s t e e l  b a l l s ,  w h i c h  were u s e d  i n  t h e  
t e s t s  r e p o r t e d  h e r e ,  a r e  g i v e n  i n  E n c l o s u r e s  5 a n d  6 ,  r e s p e c t i v e l y .  
E n c l o s u r e  7 shows s i m i l a r  s p e c i f i c a t i o n  d a t a  f o r  t h e  7 2 0 5  V A P  
b e a r i n g s  h a v i n g  M-50 s t e e l  r i n g s  a n d  b a l l s ,  w h i c h  were m a n u f a c t u r e d  
o n  t h i s  T a s k  f o r  u s e  i n  f u t u r e  T a s k s .  

T h e  c a g e s  u s e d  i n  a l l  t e s t  b e a r i n g s  were m a d e  o f  M - 1  s t e e l  
t e m p e r e d  t o  a h a r d n e s s  o f  Bc 57 t o  60 a n d  e l e c t r o p l a t e d  w i t h  
s i l v e r  t o  a t h i c k n e s s  o f  0.001" t o  0 . 0 0 2 " .  T h i s  c a g e  m a t e r i a l ,  
a n d  t h e  d e s i g n s  shown i n  E n c l o s u r e s  8 a n d  9 f o r  t h e  b e a r i n g s  
h a v i n g  c o u n t e r - b o r e d  o u t e r  a n d  i n n e r  r i n g s ,  r e s p e c t i v e l y ,  a r e  
b a s e d  on  t h e  r e s u l t s  o f  p r e v i o u s  s t u d i e s  ( 8 ,  16)  i n d i c a t i n g  
s u p e r i o r  p e r f o r m a n c e  u n d e r  extreme l u b r i c a t i o n  c o n d i t i o n s .  

T h e  i n n e r  and  o u t e r  r i n g s  o f  b o t h  t h e  7 2 0 5  VAK a n d  7 2 0 5  V A B  
b e a r i n g s  were  made f rom t h e  s a m e  h e a t  o f  CVM WB49 s t e e l  a n d  were 
m a n u f a c t u r e d  i n  t h e  s a m e  l o t ,  e x c e p t  t h e  7 2 0 5  VAK i n n e r  r i n g s ,  
w h i c h  were r e w o r k e d  f r o m  7205  V A B  i n n e r  r i n g s .  T h e  b a l l s  i n  t h e  
VAK b e a r i n g s  were f r o m  o n e  h e a t  a n d  t h o s e  i n  t h e  VAR b e a r i n g s  
f r o m  a n o t h e r  h e a t  o f  C V M  M - 1  s t e e l .  T h e  r i n g s  a n d  b a l l s  i n  t h e  
7205  VAP b e a r i n g s  were a l l  m a d e  f r o m  t h e  s a m e  h e a t  o f  CVM M-50 
s t e e l .  T h e  a n a l y s i s  o f  e a c h  l o t  o f  s t e e l  o b t a i n e d  f o r  t e s t  b e a r -  
i n g s  w a s  c h e c k e d  a n d  f o u n d  w i t h i n  t h e  l i m i t s  g i v e n  i n  E n c l o s u r e  4. 
S t e e l  s a m p l e s  f r o m  e a c h  h e a t  t r e a t m e n t  l o t  w e r e  c h e c k e d  m e t a l l u r g i -  
c a l l y  f o r  p r o p e r  s t r u c t u r e  a n d  h a r d n e s s  a s  l i s t e d  i n  E n c l o s u r e  10. 

D i m e n s i o n a l  m e a s u r e m e n t s  b e f o r e  t e s t i n g  on a l l  b e a r i n g s  m a d e  
f o r  t h i s  T a s k  a r e  g i v e n  i n  E n c l o s u r e s  11 a n d  1 2 .  A l l  t h e  7205  VAK 
a n d  7205  VAR b e a r i n g s  l i s t e d  i n  E n c l o s u r e  11 were t e s t e d  i n  t h i s  
T a s k  a s  r e p o r t e d  h e r e i n .  T h e  5 4  b e a r i n g s  o f  t h e  7205  V A P  d e s i g n  
l i s t e d  i n  E n c l o s u r e  1 2  a r e  f o r  u s e  on  a s u b s e q u e n t  T a s k .  D u r i n g  
t h e  c o u r s e  o f  m a k i n g  t h e  7205  VAP b e a r i n g s ,  146 a d d i t i o n a l  r i n g  
s e t s  were m a n u f a c t u r e d  w h i c h  d o  n o t  meet t h e  d i m e n s i o n a l  r e q u i r e -  
m e n t s  o f  t h e  7205 VAP d e s i g n  a n d  a r e  t h e r e f o r e  s t o r e d  i n  a semi- 
f i n i s h e d  c o n d i t i o n  t o  b e  r e w o r k e d  l a t e r  e i t h e r  t o  t h e  7 2 0 5  V A P  
d e s i g n  o r  a m o d i f i e d  d e s i g n ,  a s  may b e  d e c i d e d  f r o m  t h e  r e s u l t s  
o f  s u b s e q u e n t  t e s t i n g .  

-6- 
R E S E A R C H  LABORATORY SIcP I N D U S T R I E S ,  I N C .  



AL67T063 

TEST L U B R I C A N T  

A s u f f i c i e n t  q u a n t i t y  o f  Y o b i l  XRM 1 7 7 F  l u b r i c a n t  w a s  
o b t a i n e d  t o  c o m p l e t e  a l l  t e s t s  o n  t h i s  p r o g r a m  f r o m  t h e  s a m e  
l o t  o f  l u b r i c a n t .  T h i s  l o t .  i s  n c j t  t h e  s a m e  a s  t h a t  u s e d  p r e -  
v i o u s l y  f o r  e a r l y  s c r e e n i n g  t e s t s  o f  t h e  XRM 1 0 9 F  b a s e - s t o c k  
r e p o r t e d  i n  (81,  b u t  i t  i s  t h e  same a s  t h a t  u s e d  i n  l a t e r  en- 
d u r a n c e  t e s t i n g  ( 8 ,  9 )  a n d  i n  o t h e r  t e s t s  o f  l a r g e r  j e t - e n g i n e  
m a i n s h a f t  s i z e  b e a r i n g s  (10,  1 7 ) .  T y p i c a l  p r o p e r t i e s  d a t a  f o r  
t h i s  l u b r i c a n t  l o t  a r e  g i v e n  i n  E n c l o s u r e  13 i n c l u d i n g  a c o m p a r i -  
s o n  o f  p r o p e r t i e s  w i t h  p r e v i o u s  l o t s  o f  t h e  s a m e  l u b r i c a n t .  

TEST P R O C E D U R E  

T h e  s t a n d a r d  p r o c e d u r e  u s e d  f o r  c o n d u c t i n g  t h e  b e a r i n g -  
l u b r i c a n t  e n d u r a n c e  t e s t s  r e p o r t e d  h e r e  i s  a s  f o l l o w s :  

1, T h e  r i g  i s  a s s e m b l e d  w i t h  t h e  t e s t  b e a r i n g s  a n d  t h e  
i n i t i a l  c h a r g e  o f  t e s t  l u b r i c a n t  i n  t h e  s u m p ,  t h e  l o a d  i s  
a p p l i e d ,  a l l  v a l r r e s  i n  t h e  o i l  l i n e s  a r e  c l o s e d  e x c e p t  t h e  i n -  
b o a r d  b e a r i n g  d r a i n  v a l v e s  w h i c h  a r e  s e t  a t  o n e  t u r n  o p e n  ( t h e  
s p e c i f i e d  s e t t i n g  f o r  43,000 rpm o p e r a t i o n )  a n d  t h e  n i t r o g e n  
b l a n k e t  g a s  f l o w  i s  s t a r t e d  o v e r  t h e  o i l  i n  t h e  sump.  

2 .  T h e  r i g  i s  p r e h e a t e d  f o r  a b o u t  a n  h o u r  w i t h  b o t h  t h e  
h o u s i n g  a n d  s u m p  h e a t e r  c o n t r o l l e r s  s e t  a t  300OF. 

3 .  T h e  r i g  i s  s t a r t e d  b y  f i r s t  i n c r e a s i n g  t h e  n i t r o g e n  
f l o w  t o  t h e  sump w i d e  o p e n  a n d  c l o s i n g  t h e  sump v e n t s  t o  p r i m e  
t h e  s c r e w  pumps  on t h e  t e s t  s h a f t ,  a n d  when o i l  s t a r t s  t o  f l o w -  
o u t  t h e  d r i v e - e n d  l a b y r i n t h  s e a l  w i t h  t h e  s h a f t  r o t a t e d  s l o w l y  
b y  h a n d ,  t h e n  t h e  s i g h t - g l a s s  o u t b o a r d  d r a i n  v a l v e s  a n d  sump 
v e n t  l i n e s  a r e  o p e n e d  s i m u l t a n e o u s l y  w i t h  s t a r t i n g  t h e  d r i v e  
m o t o r ,  T h e n  t h e  n i t r o g e n  f l o w  t o  t h e  sump i s  r e s e t  t o  t h e  
p r e h e a t  l e v e l ,  t h e  n i t r o g e n  f l o w  l i n e s  t o  t h e  h o u s i n g  c a v i t i e s  
a r e  o p e n e d ,  t h e  sump h e a t e r s  a r e  t u r n e d  o f f  a n d  t h e  h o u s i n g  
h e a t e r  c o n t r o l l e r  i s  s e t  t o  t h e  t e s t  t e m p e r a t u r e  o f  600OF. 

4 .  T h e  t e s t  b e a r i n g  o u t e r - r i n g  t e m p e r a t u r e s  a r e  m o n t i o r e d  
e v e r y  6 m i n u t e s  b y  t h e  c e n t r a l  d a t a  c o l l e c t i o n  s y s t e m  d e s c r i b e d  i n  
( 8 )  a n d  a s  t h e  t e s t  t e m p e r a t u r e  i s  a p p r o a c h e d  e i t h e r  o n e  o r  two 
c o o l i n g  f a n s  a r e  t u r n e d  o n .  T h e  p o s i t i o n  a n d  n u m b e r  o f  f a n s  i s  
d e t e r m i n e d  by  " c u t - a n d - t r y "  d u r i n g  t h e  f i r s t  h o u r  o f  r u n n i n g ,  t h e  
f i n . a l  € a n  p l a c e m e n t  b e i n g  s e l e c t e d  t o  p r o v i d e  a sump t e m p e r a t u r e  
c o o l e r  t h a n  t h e  b e a r i n g s  a n d  t o  l e a v e  s o m e  p o w e r  i n p u t  t o  t h e  
h o u s i n g  h e a t e r s  f o r  b e a r i n g  t e m p e r a t u r e  c o n t r o l .  
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5, Test  l u b r i c a n t  l o s t  b y  e v a p o r a t i o n  a n d  s e a l  l e a k a g e  
i s  r e p l e n i s h e d  t o  t h e  sump d u r i n g  e a c h  t e s t  a t  a r a t e  o f  a b o u t  
25cc p e r  h o u r .  A u t o m a t i c  s h u t d o w n  o f  t h e  r i g  o c c u r s  i f  t h e  o i l  
p r e s s u r e  f r o m  e i t h e r  s c rew pump dec reases  b e l o w  a p r e s e t  l i m i t  
o f  30% o f  t h e  n o r m a l  o i l  p r e s s u r e  o r  i f  a v i b r a t i o n - s e n s i t i v e  
s w i t c h  f a s t e n e d  t o  t h e  l o a d  l e v e r  a r m  d e t e c t s  a n  a b r u p t  i n c r e a s e  
i n  r i g  v i b r a t i o n  l e v e l .  T h e  r i g  i s  d i s a s s e m b l e d  f o r  i n s p e c t i o n  
o f  t h e  t e s t  b e a r i n g s  i f  m a n u a l  r o t a t i o n  o f  t h e  s h a f t  w i t h  t h e  
b e a r i n g s  u n d e r  l o a d  i n d i c a t e s  a n y  u n u s u a l  r o u g h n e s s  i n  t h e  b e a r -  
i n g s .  T e s t i n g  o f  b o t h  b e a r i n g s  i s  s u s p e n d e d  when e i t h e r  t e s t  
b e a r i n g  s h o w s  e v i d e n c e  o f  f a t i g u e  s p a l l i n g ,  s m e a r i n g ,  o r  l u b r i -  
c a t i o n  d i s t r e s s  i n  t h e  f o r m  o f  g l a z i n g  a n d  s u p e r f i c i a l  p i t t i n g  
t o  s u c h  an  e x t e n t  t h a t  t h e  b e a r i n g  i s  j u d g e d  i n o p e r a b l e  ( 8 ,  15) .  

TEST RESULTS 

T e s t s  w e r e  s t a r t e d  w i t h  b l a c k - o x i d e  c o a t e d  WB-49 s t e e l  7 2 0 5  
V A K  b e a r i n g s .  One o f  t h e  two b e a r i n g s  i n  e a c h  t e s t  o f  t h e  f i r s t  
10 b e a r i n g s  t e s t e d  s m e a r e d  a t  l i v e s  r a n g i n g  f r o m  1.0 t o  9 . 3  h o u r s  
( 2 . 6  t o  2 3 . 9  m i l l .  r e v s . ) ,  w i t h  e a c h  s m e a r i n g  f a i l u r e  a c c o m p a n i e d  
b y  s e v e r e  c a g e  w e a r .  T h i s  l e d  t o  t h e  h y p o t h e s i s  t h a t  i n s u f f i c i e n t  
c a g e  p o c k e t  c l e a r a n c e  f o r  t h e  o v e r s i z e  b a l l s  u s e d  i n  t h e s e  b e a r i n g s  
c a u s e d  t h e  o b s e r v e d  f a i l u r e s .  F o u r  a d d i t i o n a l  7 2 0 5  VAK b e a r i n g s  
h a v i n g  o v e r s i z e  c a g e  p o c k e t s  were t e s t e d  a n d  p r o d u c e d  s i m i l a r  re -  
s u l t s  t h e r e b y  c o n t r a d i c t i n g  t h e  a b o v e  h y p o t h e s i s .  Two m o r e  7 2 0 5  VAK 
b e a r i n g s  h a v i n g  o v e r s i z e  c a g e  p o c k e t s  were t e s t e d  a t  400OF w i t h  E s s o  
T u r b o  O i l  35 w h i c h  i s  known t o  h a v e  g o o d  b o u n d a r y  l u b r i c a t i n g  p r o p e r -  
t i e s  a t  t h i s  t e m p e r a t u r e  a n d  a l s o  p r o d u c e d  a n  e a r l y  s m e a r i n g  f a i l u r e .  
A t y p i c a l  7 2 0 5  V A K  s m e a r i n g  f a i l u r e  i s  shown on  E n c l o s u r e  1 4  a n d  t h e  
l i f e  d a t a  o b t a i n e d  w i t h  t h e s e  7 2 0 5  V A K  b e a r i n g s  a r e  s u m m a r i z e d  i n  
E n c l o s u r e  15. Maximum l i k e l i h o o d  l i f e  a n a l y s i s  o f  t h e  1 4  b e a r i n g s  
t e s t e d  i n  XBM 1 7 7 F  l u b r i c a n t  i n d i c a t e d  L1o = 0 . 4  h o u r s  (1.1 m i l l .  
r e v s . )  f o r  t h e s e  s m e a r i n g  f a i l u r e s .  

I n  o r d e r  t o  d e t e r m i n e  i f  a n y  f l a w s  h a d  d e v e l o p e d  i n  t h e  t e s t  
m a c h i n e s  o r  t h e  t e s t  o p e r a t i n g  p r o c e d u r e s  bwo p r e v i o u s l y  t e s t e d  
( 8 ,  9 )  M - 1  s t e e l  b e a r i n g s  ( a c c u m u l a t e d  l i f e  o f  254 h o u r s  a t  600°F 
w i t h  XRM 1 7 7 F  w i t h o u t  f a i l u r e )  were r e m o u n t e d  a n d  r u n  a n  a d d i t i o n a l  
9 h o u r s  a t  6 0 0 O F  w i t h  XRM 1 7 7 F  w i t h  n o  s i g n  o f  b e a r i n g  f a i l u r e .  
C o n s e q u e n t l y  a t h o r o u g h  e x a m i n a t i o n  w a s  m a d e  o f  a l l  b e a r i n g s  
t e s t e d  t o  d a t e  on t h i s  p r o g r a m ,  a s  w e l l  a s  some s e l e c t e d  b e a r i n g s  
f r o m  t h e  p r e v i o u s  p r o g r a m  ( 8 ,  9 )  a n d  b e a r i n g  p a r t s  i n  v a r i o u s  
s t a g e s  o f  m a n u f a c t u r e .  T h i s  s t u d y  r e v e a l e d  t h a t  t h e  m i c r o s c o p i c  
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r o u g h n e s s  p a t t e r n  d u e  i o  e t c h i n g  a t t a c k  b y  t h e  b l a c k - o x i d e  
c o a t i n g  b a t h  on  t h e  s t e e l  g r a i n  s t r u c t u r e  w a s  much m o r e  p r o -  
n o u n c e d  i n  t h e  t r a c k s  o f  t h e  r e c e n t l y  t e s t e d  WB-49 s t ee l  r i n g s  
t h a n  ir! t h e  t r a c k s  o f  p r e v l e u s l y  t e s t e d  Y - l  s t e e l  r i n g s ,  a n d  
t h a t  t h i s  p a t t e r n  c o u l d  b e  f o u n d  u n d e r n e a t h  t h e  b l a c k  o x i d e  
c o a t i n g  on WB-49 s t e e l  7 2 0 5  VAK b e a r i n g s ,  b u t  n o t  on u n c o a t e d  
WB-49 s t e e l  7 2 0 5  V A B  b e a r i n g s  a s  shown b y  E n c l o s u r e s  16 a n d  17, 
r e s p e c t i v e l y .  No s i g n i f i c a n t  a t t a c k  o f  M-50 s t e e l  w a s  f o u n d  
u n d e r  t h e  b l a c k  o x i d e  c o a t i n g ,  a s  shown i n  E n c l o s u r e  18. 

Two WB-49 s t e e l  7 2 0 5  V A R  b e a r i n g s  t h a t  h a d  n o t  b e e n  b l a c k  
o x i d e  c o a t e d ,  a n d  h a v i n g  a d e s i g n  u n l i k e  t h e  7 2 0 5  V A K ,  b u t  
e s s e n t i a l l y  t h e  s a m e  a s  t h e  4 5 6 6 8 4  b e a r i n g s  t e s t e d  i n  (8, 9 1 ,  
were t h e n  t e s t e d  a t  6 0 0 ° F  w i t h  XRM 1 7 7 F  o i l .  After t h e s e  t w o  
b e a r i n g s  h a d  a c c u m u l a t e d  38 h o u r s  r u n n i n g  t ime w i t h o u t  f a i l u r e ,  
a d d i t i o n a l  u n c o a t e d  7205 VAB b e a r i n g s  were t e s t e d  u n d e r  t h e  s a m e  
t e s t  c o n d i t i o n s .  I n  a l l ,  t h i r t y  7 2 0 5  V A B  b e a r i n g s  were t e s t e d  
(15 t e s t s ) ,  a s  s u m m a r i z e d  i n  E n c l o s u r e  19. O f  t h e  f i f t e e n  t e s t s ,  
t w e l v e  t e s t s  ( 2 4  b e a r i n g s )  r e a c h e d  t h e i r  t i m e - u p  l i f e  o f  180 h o u r s  
( 4 6 2 . 2  m i l l .  r e v s . )  w i t h o u t  a n y  f a i l u r e s .  I n  t h r e e  o t h e r  t e s t s  
i n v o l v i n g  6 b e a r i n g s ,  o n e  o f  t h e  two m a t i n g  b e a r i n g s  i n  e a c h  t e s t  
s u f f e r e d  a s m e a r i n g  f a i l u r e  a t  l i v e s  r a n g i n g  f r o m  18.0 t o  4 8 . 9  
h o u r s  ( 4 6 . 2  t o  1 2 5 . 6  m i l l .  r e v s . ) .  I n  a l l  i n s t a n c e s  t h e  u n f a i l e d  
b e a r i n g s  a p p e a r e d  t o  b e  i n  g o o d  c o n d i t i o n  e x c e p t  f o r  s o m e  f r a g m e n t  
d e n t i n g  i n  t h e  r a c e w a y  g r o o v e s  and a s l i g h t  d e g r e e  o f  c a g e  b o r e  
w e a r  ( l e s s  t h a n  0 .1  m i l l .  t o  4 . 5  m i l l s . ) .  T h e  t y p i c a l  a p p e a r a n c e  
o f  t h e  f a i l e d  a n d  u n f a i l e d  7 2 0 5  VAB b e a r i n g s  i s  shown i n  E n c l o s u r e s  
20 a n d  21,  r e s p e c t i v e l y .  T h e  f a i l u r e  d a t a  f o r  t h e  7205 VAB b e a r -  
i n g s  were a n a l y z e d  by t h e  maximum l i k e l i h o o d  l i f e  e s t i m a t i o n  
t e c h n i q u e  (81, g i v i n g  a n  e s t i m a t e d  L 1 0  = 127 h o u r s  (328 m i l l .  r e v s , )  
f o r  t h e s e  s m e a r i n g  f a i l u r e s ,  The  e s t i m a t e d  l i f e  c h a r a c t e r i s t i c s  o f  
t h i s  g r o u p  a r e  p l o t t e d  o n  t h e  W e i b u l l  g r a p h  i n  E n c l o s u r e  2 2 ,  t o g e t h e r  
w i t h  p o i n t s  r e p r e s e n t i n g  t h e  p a i r s  o f  b e a r i n g s  t e s t e d ,  p l o t t e d  
a c c o r d i n g  t o  t h e  m e t h o d  o f  S c h r e i b e r  (181, 

T h e  t e s t  r i g s  were r e l a t i v e l y  f r e e  o f  d e p o s i t s  a f t e r  t h e s e  
t e s t s  e x c e p t  f o r  some c o k i n g  on  t h e  o u t s i d e  o f  t h e  h o u s i n g s  w h e r e  
t e s t  o i l  s p i l l e d  o u t  o f  t h e  l a b y r i n t h  s e a l  o r  t h r o u g h  t h e r m o c o u p l e  
g l a n d s  a n d  a l s o  some b l a c k  s o l i d s  i n  t h e  o i l  i n  t h e  b o t t o m  o f  t h e  
sump.  A n a l y s i s  o f  t h e  o i l  f r o m  a s i m i l a r  p r e v i o u s  600OF t e s t  (8) 
i n d i c a t e d  a s i g n i f i c a n t  d e g r a d a t i o n  o f  t h e  o i l  a f t e r  a 2 8 0 - h o u r  t e s t  
a t  600°F, a s  shown i n  E n c l o s u r e  25. 

-9- 

R E S E A R C H  LABORATORY SKp I N D U S T R I E S ,  I N C .  



AL6 7 TO63 

D I SCUSSI ON 

T h e  b e n e f i c i a l  e f f e c t  o f  b l a c k  o x i d e  c o a t i n g  o n  A I S 1  5 2 1 0 0  
s t e e l  b e a r i n g s  h a s  b e e n  d e m o n s t r a t e d  (19)  w h e r e  t h e  p r e s e n c e  o f  
t h e  c o a t i n g  was shown t o  r e d u c e  s u b s t a n t i a l l y  t h e  l o s s  i n  b e a r -  
i n g  l i f e  d u e  t o  l u b r i c a t i o n  d i s t r e s s  s u f f e r e d  b y  u n c o a t e d  b e a r -  
i n g s .  I n  a r e c e n t  p r o g r a m  i n  t h e  I n d u s t r i e s ,  I n c .  L a b o r a -  
t o r y  b l a c k  o x i d e  c o a t e d  a n d  u n c o a t e d  M-50 t o o l  s t e e l  b e a r i n g s  w e r e  
e n d u r a n c e  t e s t e d  w i t h  f u l l y  a d e q u a t e  l u b r i c a t i o n  a n d  n o  s i g n i f i c a n t  
d i f f e r e n c e  i n  l i f e  w a s  d e t e c t e d ,  i n d i c a t i n g  n o  a d v e r s e  r e a c t i o n  o f  
t h e  b l a c k  o x i d e  c o a t i n g  b a t h  w i t h  M-50 s t e e l .  T h e  t e s t s  r e p o r t e d  
h e r e ,  h o w e v e r ,  h a v e  s u f f e r e d  e a r l y  f a i l u r e  b e c a u s e  t h e  b l a c k  o x i d e  
c o a t i n g  b a t h  r e a c t s  b y  d i f f e r e n t i a l  e t c h i n g  i n  a d e t r i m e n t a l  way 
w i t h  WB-49 t o o l  s t e e l  b e a r i n g  s u r f a c e s  t o  c a u s e  a s e v e r e  r e d u c t i o n  
i n  b e a r i n g  l i f e  e v e n  u n d e r  l u b r i c a t i o n  c o n d i t i o n s  g i v i n g  l i t t l e  o r  
no  l o s s  i n  l i f e  o f  c o m p a r a b l e  u n c o a t e d  WB-49 b e a r i n g s .  

A p r o b a b l y  e x p l a n a t i o n  f o r  t h e  a t t a c k  o n  WB-49 s t e e l  b y  b l a c k  
o x i d e  c o a t i n g  c h e m i c a l s  i s  g i v e n  i n  E n c l o s u r e  23 w h i c h  s h o w s  t y p i c a l  
m e t a l l o g r a p h i c  s t r u c t u r e s  o f  WB-49 s t e e l  b e a r i n g s  o n  w h i c h  e n d u r a n c e  
l i f e  d a t a  a r e  r e p o r t e d  i n  ( 8 ) .  T h e  m e t a l l o g r a p h s  i n d i c a t e  a s i g n i f i -  
c a n t  a m o u n t  o f  c a r b i d e  b a n d i n g  w h i c h  h a s  n o t  ( 8 )  c a u s e d  l o s s  i n  e n -  
d u r a n c e  l i f e ,  S u c h  b a n d i n g  i s  e n c o u n t e r e d  f r e q u e n t l y  in t o o l  s t e e l  
d u e  t o  t h e  h i g h  c a r b i d e  c o n t e n t ,  Even  t h o u g h  t h i s  b a n d i n g  a p p a r e n t l y  
d o e s  n o t  a f f e c t  b e a r i n g  f a t i g u e  l i f e  o f  t o o l  s t e e l s ,  i t  d o e s  a f f e c t  
t h e  n a t u r e  o f  t h e  s u r f a c e  f i n i s h  t h a t  c a n  b e  o b t a i n e d  a n d  a p p a r e n t l y  
a l s o  l e a d s  t o  d i f f e r e n t i a l  e t c h i n g  o f  WB-49 s u r f a c e s  i n  c h e m i c a l  
t r e a t m e n t s  s u c h  a s  b l a c k  o x i d e  c o a t i n g .  

T h e  e x p e c t e d  l i f e  o f  t h e  b e a r i n g s  t e s t e d  o n  t h i s  T a s k  c a n  b e  
c o m p u t e d  ( s e e  (81, A p p e n d i x  I )  a c c o r d i n g  t o  t h e  AFBMA ( A n t i - F r i c t i o n  
B e a r i n g  M a n u f a c t u r e r s  A s s o c i a t i o n )  m e t h o d  ( 2 0 ) .  T h e  l i f e  t h u s  c a l c u -  
l a t e d  f o r  w h i c h  90% o f  t h e  b e a r i n g s  a r e  e x p e c t e d  t o  s u r v i v e  w i t h o u t  
f a t i g u e  s p a l l i n g  o f  t h e  b a l l - r a c e  c o n t a c t s  i s  L 1 o  = 93 h o u r s  (240  
m i l l .  r e v s , ) .  H o w e v e r ,  s i n c e  s i g n i f i c a n t  c e n t r i f u g a l  a n d  g y r o s c o p i c  
f o r c e s  e x i s t  o n  t h e  b a l l s  i n  t h e  b e a r i n g s  u n d e r  t h e  h i g h - s p e e d  t e s t  
c o n d i t i o n s ,  a n d  s i n c e  u n u s u a l  m o u n t i n g  f i t s  were u s e d  on  t h e  s h a f t  
a n d  h o u s i n g  i n  t h e s e  t e s t s  t o  c o n t r o l  t h e  b e a r i n g  i n t e r n a l  c l e a r a n c e  
o v e r  t h e  w i d e  r a n g e  o f  o p e r a t i n g  t e m p e r a t u r e s  u s e d ,  n o n e  of  w h i c h  

8 e f f e c t s  a r e  a c c o u n t e d  f o r  i n  t h e  AFBMA m e t h o d  o f  c a l c u l a t i o n ,  c o m p u t e r -  
e s t i m a t e d  l i f e  and  o p e r a t i n g  p a r a m e t e r s  were c a l c u l a t e d  a c c o r d i n g  t o  
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A p p e n d i x  I i n  ( 8 )  w h i c h  t a k e  t h e s e  e f f e c t s  i n t o  a c c o u n t  a n d  a r e  
g i v e n  i n  E n c l o s u r e  2 4 ,  F rom t h e s e  c a l c u l a t i o n s ,  t h e  7 2 0 5  V A B  
b e a r i n g  h a s  a n  e x p e c t e d  l i f e  o f  L 1 o  = 5 6  h o u r s  ( 1 4 4 . 5  m i l l ,  r e v s . )  
f o r  f a t i g u e  s p a l l i n g  f a i l u r e ,  u s i n g  t h e  L u n d b e r g - P a l m g r e n  m a t e r i a l  
c o n s t a n t s  € o r  s t a n d a r d  b e a r i n g  s t e e l .  F o r  b o t h  6309  a n d  m a i n s h a f t  
s i z e  b a l l  b e a r i n g s  made  o f  v a c u u m - m e l t e d  t o o l  s t e e l s ,  a n  a v e r a g e  
l i f e - i n c r e a s e  f a c t o r  o f  8.5 h a s  b e e n  d e m o n s t r a t e d  i n  e n d u r a n c e  
t e s t s  w i t h  f u l l y  a d e q u a t e  l u b r i c a t i o n  a t  5 E  !F I n d u s t r i e s ,  I n c . ,  
a n d  e l sewhere  ( 1 2 1 ,  a n d  a l i f e - i n c r e a s e  f a c t o r  o f  f i v e  i s  commonly  
u s e d  i n  t h e  c o n s e r v a t i v e  d e s i g n  o f  t o o l - s t e e l  j e t - e n g i n e  m a i n s h a f t  
b e a r i n g s .  I t  i s  d e b a t a b l e  w h e t h e r  s i m i l a r  l i f e  i n c r e a s e  f a c t o r s  
a r e  j u s t i f i e d  f o r  t h e  s m a l l e r  7 2 0 5  b e a r i n g s  o p e r a t i n g  a t  600OF 
w h e r e  t h e  l u b r i c a n t  f i l m  t h i c k n e s s / r o u g h n e s s  r a t i o  i s  l e s s  t h a n  
f o r  c u r r e n t  m a i n s h a f t  b e a r i n g s ,  b u t  a m a t e r i a l  l i f e - i n c r e a s e  f a c t o r  
o f  a b o u t  f i v e  c a n  b e  e x p e c t e d .  

T h e  e x p e c t e d  f a t i g u e  l i f e  o f  t h e  p r e s e n t  b e a r i n g s  i s  L 1 o  = 280 
h o u r s  ( 7 2 3  m i l l ,  r e v s , ) ,  a s s u m i n g  f i v e  times t h e  c o m p u t e r - e s t i m a t e d  
l i f e .  T h e  f a c t  t h a t  30 b e a r i n g s  were t e s t e d  t o  a t i m e - u p  l i f e  o f  
180 h o u r s  ( 4 6 4  m i l l .  r e v s , )  w i t h  n o  i n c i d e n c e  o f  f a t i g u e  s p a l l i n g  
f a i l u r e  ( o n l y  t h r e e  s m e a r i n g  f a i l u r e s )  d e m o n s t r a t e s  a l i f e - i n c r e a s e  
f a c t o r  o f  a t  l e a s t  t h r e e  f o r  t h e s e  b e a r i n g s  a n d  i n d i c a t e s  t h a t  v e r y  
l i t t l e  i f  a n y  r e d u c t i o n  f a c t o r  f o r  b e a r i n g  f a t i a u e  l i f e  i s  n e c e s s a r y  
f o r  600OF o p e r a t i o n  o f  WB-49 b e a r i n g s ,  a s  l o n g  a s  a d e q u a t e  l u b r i c a -  
t i o n  i s  p r o v i d e d .  A summary o f  a l l  e n d u r a n c e  d a t a  f r o m  t h i s  p r o -  
g r a m  a n d  t h o s e  r e p o r t e d  i n  (8) i s  g i v e n  i n  E n c l o s u r e  26, a s  f u r t h e r  
e v i d e n c e  s u p p o r t i n g  t h e  a b o v e  c o n c l u s i o n .  

T h e  b e a r i n g  s m e a r i n g  f a i l u r e s  i n  t h e  t e s t s  r e p o r t e d  h e r e  h a v e  
no r e l a t i o n  t o  b e a r i n g  f a t i g u e  s p a l l i n g ,  T h e  m o s t  l i k e l y  m e c h a n i s m  
o f  t h e s e  s m e a r i n g  f a i l u r e s  i s  the  s e l f - a g g r a v a t i n g  l o s s  o f  b e a r i n g  
c l e a r a n c e  d u e  t o  t h e r m a l  i n s t a b i l i t i e s  a n d  r e l a t e d  l o c a l i z e d  b r e a k -  
down o f  b o u n d a r y  l u b r i c a t i o n  i n  t h e s e  h i g h - s p e e d  b e a r i n g s .  H e a t  
g e n e r a t i o n  i n  a t h r u s t - l o a d e d  a n g u l a r - c o n t a c t  b a l l  b e a r i n g  i s  c o n -  
c e n t r a t e d  o n  t h e  i n n e r  r a c e  a n d  v a r i e s  w i t h  t h e  s p i n n i n g  f r i c t i o n  
a t  t h e  b a l l - i n n e r  r a c e  c o n t a c t s  (8). I t  i s  d e s i r a b l e  t o  m i n i m i z e  
t h i s  s p i n n i n g  h e a t  g e n e r a t i o n  by m a k i n g  t h e  n o m i n a l  b e a r i n g  c o n t a c t  
a n g l e  a s  s m a l l  a s  p o s s i b l e .  H o w e v e r ,  m o m e n t a r y  i n c r e a s e s  i n  s p i n n i n g  
h e a t  g e n e r a t i o n  c a n  o c c u r  and t e n d  t o  i n c r e a s e  t h e  i n n e r  r i n g  a n d  b a l l  
t e m p e r a t u r e s  a b o v e  t h e  o u t e r  r i n g  t e m p e r a t u r e ,  w h i c h  d e c r e a s e s  t h e  
b e a r i n g  c l e a r a n c e  a n d  l o c a l  c o n t a c t  a n g l e  a t  l e a s t  f o r  t h e  b a l l  i n  
q u e s t i o n ,  c a u s i n g  a g r e a t e r  p r o p o r t i o n  o f  t h e  t o t a l  t h r u s t  l o a d  t o  
b e  c a r r i e d  by  t h a t  b a l l ,  t h u s  i n c r e a s i n g  t h e  l o c a l  h e a t  g e n e r a t i o n  
a n d  c a u s i n g  a " snow b a l l i n g "  e f f e c t  t h a t  e n d s  i n  s m e a r i n g  a n d  s e i z u r e  
o f  t h e  b e a r i n g .  
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T h e  d r a s t i c  i n c r e a s e  i n  t h e  f r e q u e n c y  o f  s m e a r i n g  f a i l u r e s  
w i t h  t h e  r o u g h e n i n g  o f  t h e  WB-49 b e a r i n g  s u r f a c e s  c a u s e d  b y  
r e a c t i o n  w i t h  t h e  b l a c k - o x i d e  c o a t i n g  b a t h  i n d i c a t e s  t h e  s e n s i -  
t i v i t y  o f  h i g h - s p e e d  b e a r i n g  t h e r m a l  b a l a n c e  t o  l u b r i c a t i o n  s u r f a c e  
e f f e c t s .  F o r  t h i s  r e a s o n ,  f u t u r e  T a s k s  o n  t h i s  p r o g r a m  w i l l  be 
d e v o t e d  t o  e x p l o r i n g  t h e  EHD f i l m  c o n d i t i o n s  w h i c h  e x i s t  a t  h i g h  
s p e e d s  a n d  t e m p e r a t u r e s  i n  o r d e r  t o  g u i d e  t h e  d e v e l o p m e n t  o f  ir- 
p r o v e d  l u b r i c a n t s  a n d  b e a r i n g  d e s i g n  c o n c e p t s .  
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CONCLUSIONS 

1. P!TO r e d u c t i o n  f a c t o r  f o r  t h e  f a t i q u e  l i f e  o f  b a l l  b e a r i n g s  
h a v i n g  WB-49 r i n g s  a t  600OF i s  r e q u i r e d  b e l o w  t h a t  u s e d  f o r  
v a c u u m - m e l t e d  t o o l  s t e e l  b e a r i n g s  a t  l o w e r  t e m p e r a t u r e s  i s  a d e q u a t e  
l u b r i c a t i o n  i s  p r o v i d e d .  

b e a r i n g s  t e s t e d  a t  600OF u n d e r  h i g h  t h r u s t  l o a d  a n d  h i g h  s p e e d  
w i t h  Y o b i l  XRM 1 7 7 F  l u b r i c a n t ,  b u t  t h e s e  f a i l u r e s  o c c u r  s u f f i c i e n t l y  
l a t e  i n  l i f e  a n d  w i t h  a l o w  e n o u g h  i n c i d e n c e  r a t e  t o  p e r m i t  
r e l i a b l e  b e a r i n g  o p e r a t i o n  t o  a t  l e a s t  t h e  AFBMA-computed l i f e .  

2 ,  Some s m e a r i n g  f a i l u r e s  o c c u r  i n  a n g u l a r - c o n t a c t  WB-49 

3. I n e r t i n g  t h e  b e a r i n g - l u b r i c a n t  s y s t e m  a t  6 O O O F  t o  s o m e w h a t  
l e s s  t h a n  o n e  p e r c e n t  o x y g e n  c o n t e n t  p e r m i t s  s a t i s f a c t o r y  c i r c u l a -  
t i o n  o f  t h e  XRM 1 7 7 F  s y n t h e t i c  h y d r o c a r b o n  l u b r i c a n t  w i t h o u t  excess 
s l u d g e  a c c u m u l a t i o n ,  b u t  s i g n i f i c a n t  f l u i d  d e g r a d a t i o n  s t i l l  o c c u r s  
o v e r  l o n g  ( 2 8 0  h o u r s )  p e r i o d s .  

4 ,  A b l a c k - o x i d e  c o a t i n g  u s e d  s u c c e s s f u l l y  t o  i m p r o v e  t h e  
p e r f o r m a n c e  o f  5 2 1 0 0  a n d  M-50 s t e e l  b e a r i n g s  o p e r a t i n g  u n d e r  m a r g i n a l  
l u b r i c a t i o n  c o n d i t i o n s  w a s  f o u n d  t o  a t t a c k  WB-49 s t e e l  b e a r i n g  s u r f a c e s  
d i f f e r e n t i a l l y  a n d  h a s  s i g n i f i c a n t l y  r e d u c e d  t h e  r e s i s t a n c e  o f  s u c h  
b e a r i n g s  t o  s m e a r i n g  f a i l u r e  a t  h i g h  s p e e d s  a n d  t e m p e r a t u r e .  

T y p e d  : d l  
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E N C L O S U R E  1 

L A Y O U T  S K E T C H  OF H I G H - S P E E D  H I G H - T E M P E R A T U R E  TEST R I G  
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t 
8 

O i l  R e s e r v o i r  
a n d  H o u s i n g  
Temp. C o n t r o l  

I 
f 

1 
I 

Hour  Meter 

M o t o r  and  
H e a t e r  On- 
O f f  S w i t c h e s  
I n s t r u m e n t a t i o n  

i F i n e  A d j u s t -  
m e n t  H e a t e r s  4 

i 

S w i t c h e s  1 

I 
i 6-7 13-14 1 
i 

ENCLOSURE 3 

T E S T  RIG CONTROL PANEL 

I 

1 2 3 4 5 6  

E3 

'I- 
t" t 

CONSTANT SPEED RIG 

N2 Purge Meters 

H e a t e r  S w i t c h e s  

A u t o m a t i c  
S h u t  Offs 
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ENCLOSURE 4 

C O M P O S I T I O N  AND LIMITING TEMPERATURE OF H I G H  TEMPERATURE B E A R I N G  STEELS 

Element 

C 

M n  

si 

C r  

P 

S 

N i  

c u  

Mo 

W 

v 

c o  

Maximum 
Use fu l  
Temp. * 
O F  

M-50 - 
.77-.85 

0 .35  max. 

0 .25  max. 

3.75-4.25 

0.015 max. 

0.015 max. 

0.10 max. 

0.10 max, 

4.00-4.50 

0.25 max. 

0.90-1 . 10 

0 . 2 5  max. 

600 

M - 1  - 
,75-.05 

0 . 15-0.40 

0 . 15-0 . 40 

3.5-4.25 

0.015 max. 

0 .015 max. 

0.10 max. 

0.10 max. 

8.45-9 . 25 

1.40-2.00 

1.00-1.20 

- 

80 0 

WB-49 

1.00-1.10 

0.20-0.40 

0 . 20-0.40 

4 . 00-4 . 50 

0.015 max. 

0 .015 max. 

0.10 max. 

0.10 max. 

3 , 50-4.00 

6.50-7.00 

1.80-2.10 

5.00-5.55 

1000 

"Based on a m i n i m u m  h o t  h a r d n e s s  o f  Rc 57 a f t e r  long-term soak ing  
(500-1000 h r s . )  a t  t e m p e r a t u r e .  
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ASSEMBLY D R A W I N G  AND S P t C I F I C A T I O N S  FOR T E S T  B L A R I N G  NO. 7 2 0 5  VAK 
I I I t Y I N G  BLACK-OXIUL COATCU WH49 H I N b S  AND M - I  IJALLS 
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ENCLOSURE 6 
A L 67T063 

A S S E Y H L Y  D H A Y I N G  AND S P E C I F I C A T I O N S  F O R  T E S T  B E A R I N G  N O .  7205 VAR 
H A V I N G  UNCOATED WB-49 R I N G S  A N D  N-1 H A L L S  
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ENCLOSURE8 
I N N E R - R I N G - G U I D E D  SILiVEE PLATED Y-1 STEEL CAGE 

F O R  USE WITH 7 2 0 5  V A K  A N D  7 2 0 5  V A R  I I R G S .  
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ENCLOSURE 10 

HARDNESS MEASUREMENTS O N  TEST B E A R I N G  R I N G S  AND BALLS 

R o c k w e l l  C h a r d n e s s  t e s t s  were c o n d u c t e d  o n  a l l  t e s t  
b e a r i n g  c o m p o n e n t s  e m p l o y i n g  t h e  g e n e r a l  r e q u i r e m e n t s  o f  
s t a n d a r d  m e t h o d s  ASTM D e s i g n a t i o n s :  E18-65 f o r  h a r d e n i n g  
o f  m e t a l l i c  m a t e r i a l s  a n d  E29-60T f o r  D e s i g n a t i n g  S i g n i f i c a n t  
P l a c e s  i n  S p e c i f i e d  L i m i t i n g  V a l u e s .  

A minimum o f  o n e  i n n e r  r i n g  a n d  o n e  o u t e r  r i n g  p e r  h e a t  
t r e a t m e n t  l o t  were  h a r d n e s s  t e s t e d  a t  t h r e e  l o c a t i o n s  on  t h e  
f a c e  o f  t h e  r i n g s .  B a l l s  were c h e c k e d  i n  t h e  c e n t e r  o f  a 
g r o u n d  f l a t  on  f o u r  o r  f i v e  b a l l s  p e r  h e a t  t r e a t m e n t  l o t .  
T h e  R o c k w e l l  t e s t i n g  m a c h i n e s  a r e  c h e c k e d  w i t h  " R o c k w e l l "  
t e s t  b l o c k s  made a n d  s t a n d a r d i z e d  i n  t h e  t e s t i n g  l a b o r a t o r y  
o f  t h e  W i l s o n  M e c h a n i c a l  I n s t r u m e n t  D i v i s i o n ,  A m e r i c a n  C h a i n  
and. C a b l e  Company. R o c k w e l l  C r e s u l t s  a r e  r e p o r t e d  b e l o w  
t o  t h e  n e a r e s t  0.5 v a l u e .  

B e a r i n Q  No. M a t e r i a l  G r a d e  I n n e r  R i n g  O u t e r  R i n g  B a l l s  
R o c k w e l l  C H a r d n e s s  

- 7 2 0 5  VAK G VAB WB49 r i n g s  69.0 69.0 
7 2 0 5  VAK M - 1  b a l l s  6 4 . 5  
7 2 0 5  VAR M - 1  b a l l s  - 64.0 
7205 VAP M- 50 6 3 - 5  63.5 6 4 . 0  
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- ENCLOSURE 11 

D I M E N S I O N A L  M E A S U R E M E N T S  D A T A  ON 7205 V A K  AND 7205 VAR B E A R I N G S  B E F O R E  T E S T I N G  

7205 V 4i \  101 
152 
103 
104 
105 
106 
1 07 
108 
109 
I 1 0  

2r- 
3:: 
204 
201 
3 02 
401 
4 02 
4 03 

7205 \I 4R 

4 04 

406 
407 
LO8 
409 
4 i  ri 
Lll 
41 2 
4’3 
4 1  4 
L15 
41 6 
41 7 
41 I 
41 9 

421 
422 
423 
4 24 
475 
426 
427 
42 8 
429 
4 30 

4 05 

I - n  
“LL’  

r 1  .99? 
57 .997 
51 .9962 
51.9975 
‘1 .=972 
51.994 
51 .9967 
51.9975 
51.994 
c1.9955 
5’ .9938 

1 .‘.965 
c1 .9?80 
51 3993 
c,: -9978 
5. .99CP 
:: .“39 
C’ .9989 
51 .“939 
5 ’  .?987 
5‘ .‘?13 
=,.SO1 
5: .PO87 
51 .=9!3 
51 .?C75 
c :  -0075 
C?,V!l 
52.GCO 
‘;1.9?? 
5 i  .5975 
52 .?rO 
LT1.9977 
57.7975 
5 2  * c y  
52 .qOO 
51 .996 
5;  .??e5 
51 .a975 
5: .?960 
52.90C! 
51 .9985 
51.9Q52 
51.70?5 
51 .9955 
51 .9?6i 
51.9035 

i V‘. GE 

’i 1 I l Z - T F ? ,  
B P R E  

m ---- 

24.997 
24 q982 
24:997 
2b.9982 
24.99 6 2  
24.9975 
2 4. a 9 
211.9975 
34.4987 
14.997 
74.9998 

24.9968 
24.9978 
24.Oo7C 
24.9980 

2c.rooo 

- - - - 
- - - 

24.9982 
2‘1 .c?75 
24.99E7 
24,9S@ 
? ’  -197  
T4.098 
71, .aos 
54.9065 

C ’ . 3 “ 8 0  
.?975 

U.7Q9 
3u -909 
24.9975 
24.997 
24.99’5 
24.999 
24.9972 
24.998 
24.9995 
24.997 
24.9977 

I ! .  337: 

AVCR AGE AVER ACE 

‘ ~ G L E  -* L O C S ~ ~ E C S  C A G E  PLAY 
C Y T A C T  R A D I A L  R A D I A L  

I - 1  
CRONS ’ ~ INCH’S 

76.5 
16.0 
15.4 
19.1 
lr,4 
16.0 
16.5 
16.0 
16.0 
15.5 
16.0 
16.5 

6 - C  
6;O 
5.3 
6 . 5  
9.8 

.O 
7 .@ 
8.5 

.C 
5 .2 

E! .O 
5 .a 
6 . I  
6.4 
5.R 
F.? 
‘1.7 

5 .B 
-.3 
3 .’I 
4 .C 

E ?  .” 

4 7  
95:3 
14.7 
14.7 
15.8 
14.0 
1 L . O  
14.7 
14.7 
l k . 7  
14.0 

47 
50 
47 
49 
;? 
b 4  
46 
47 
46  
48 
49 
48 
48 
42 
45 
58 
53 
51 
50 
54 

53 
79 
LO 
46 
b 6  
45 
L6 
47 
44 

:: 

$ 
ul 
10 
40 
40 
39 
39 
38 
37 
77 
37 
37 
37 

.no8 

.CG7 

.OO7 

.007 

.@08 

.PO8 

.007 

.go8 

.008 

.008 

.007 
,007 
.008 
.007 
.007 
.007 
.007 
.008 
.007 
.007 
.008 
.008 
.008 
.008 
.008 . OOR 
,008 
.009 
.DO8 
.@08 
.DO8 
.‘08 
.008 
.no8 
.not  
,008 
.no8 
.008 
.008 
.008 
.008 
.008 
.008 
.008 
.008 
.DO8 

-- TAPER.  MICRONS 

S.R. 1 . R .  
0 .o 
0 .o 
0.7 
0.0 
0.5 
3.0 
0.5 
1.5 
0 .o 
1 .o 
0.5 
1 .o 
2 .o 
0.5 
1 .o 
1 .o - - - - - - - - 
0 .o 
1 .o 
0.0 
@ .O 
0.0 
1.5 
1 .o 
0.5 
0.0 
n .o 
1 .o 
0 .o 
1 .o 
0.0 
0 .o 
1 .o 
1 .o 
c.0 
2.0 

1 .n 

0.5 

0.5 

0 .o 
1.5 
1 .o 
1.5 
0.5 
0 .o 
2.0 
2.0 
0.5 
1 .o 
1 .o 
0 .o 
0.5 
0.5 
2 .o 
2 .o - - - 
- - - - 
0.5 

0.5 
P.0 

1 .o 
2.5 
0 .o 
1 .o 
1 .o 
0 .o 
1 .o 
0.0 
1 .o 
0.0 
0 .o 
0.0 
0.0 
1 .o 
0.5 
0.0 
0.0 
1 .o 
1.5 

2 00 
2 0  
3:O 
1 .o 
2.0 
2 .o 
3.0 
3.0 
2 .o 
2 .o 
2.0 
2 .o 
2 .O 
2 0  
3 :O 
1 .o - - - - - - - - 
1 .o 
2 .o 
2.0 
2 .Q 
2 .o 
2 .o 
2 .o 
2 .o 
1 .o 
2 .o 
1 .o 
2 .o 
2 .o 
3 .O 
2 .o 
1 .o, 
2 .o 
2 .O 
1 .o 
1 .o 
3 .n 
2 .o 

NOTES : 

1 ) L P P W D X I M A T E L Y  l q f  P r N r O M  *rAM”LE r F  C R n S S - C R C 6 V E  S I I W I C E  ‘OUCHNCFC INPlrATES THE F C L L @ W I N G :  

OUTER R ING k’I  C’9 I N C P E S  RM6 
I M n E R  I? I NG 
~ U T E F  R ING 

2.1 - 255 
2.9 - 3.8 

2) A L L  7205 V A R  B E A R I N C S  ( ‘0. 401 TO 439) WFRE VEASIJREB FOR CROSS-GROOVE F A D I U S  AND WERE ! . I T H I Y  THE F O L L O W I N G  L I M I T S 2  

INNER R I N G  4.199~4.i~a MM 
OUTER R I N G  4/196/4.249 MM 

RESEARCH LABORATORY S K p  I N D U S T R I E S ,  I N C .  

2 .o 
2.0 
1 .o 
3 .O 
2 .o 
1 .o 
2.0 
1 .o 
3 .O 
3.0 
3 .O 
2 .o 
2 .o 
4.0 

2 .o 
3 .o 
- - - - - - - - 

3 .O 
1 .o 
2.0 

2.0 
2.0 
1 .o 
2.0 
1 .o 
1 .o 
1 .o 
1 .o 
2.0 
1 .o 
2 .o 
1 .@ 
1 .O 
3 .O 
2.0 

1 .o 
2.0 

3 .o 

3 .o 



m 9 m m c o  rl 
P 4 a t - o .  t- - m - 3 4  4 

. . .  

ENCLOSURE 12 

7205 VAP B E A R I N G  MEASUREMENTS 

I 
1 

RESEARCH LABORATORY s)cp I N D U S T R I E S ,  INC. 



ALS 7 TO 53 

ENCLOSURE 13 

PROPERTIES OF M O B I L  XRM 177F LUBRICANT"  
(compared w i t h  p r e v i o u s  l o t s  o f  XRM 109F base - s tock )  

P r o p e r t y  

XRM 177F 
XBM 109F XRM 109F-1 (same a s  

( i n i t i a l  l o t )  ( l o t  No. 1)  XRM 109F-2) 

V i s c o s i t y ,  c s ,  a t  400°F 4.92 
210 OF 31.95 
100 OF 314.1 

0 OF - 
-20 OF 96,099 
-40°F 7 99,000 

Pour  P o i n t ,  O F  -40 
F l a s h  P o i n t ,  OF 530 
F i r e  P o i n t ,  OF 5 80 
Autogenous I g n i t i o n  P o i n t ,  OF 775 
N e u t r a l i z a t i o n  No. - 
Bromine No. - 
Carbon R e s i d u e ,  % - 
V o l a t i l i t y ,  6-1/2 h r s .  

Molecu la r  Weight - 
@ 500°F, % 15 

Vapor P r e s s u r e ,  I s o t e n i s c o p e ,  
mic rons  a t  250°F 

300 OF 
350°F 
400 OF 

a t  180OF 
260 OF 
360 OF 

( e x t r a p o l a t e d )  600 O F  

D i e l e c t r i c  C o n s t a n t ,  1000 c p s  

6.51 
43.45 

454.3 - 
- 
-60 
450 
545 
755 

14.2 
1 , 4 3 0  

5.82 
39.85 

442.6 
37,610 

- 
- 

c -35 
515 
600 
830 

0.11 (0.05 

0.1 
f o r  XBM 109F-2) 

4 0.01 

7 4  
115 
165 
230 

2.12 
2.08 
2.03 
1.91 

Four-Ball  Wear Tes t  Data* 
Aver age  Wear 

T i m e  TemD,.  OF Speed. rpm L o a d .  kg S c a r  Diameter .  mm SamDl e - 
XRM 109F-2 1 Hour 167  1800 10 
XBM 177F-2 1 Hour 167  1800 10 
XBM 109F-2 1 H o u r  400 600 10 
XBM 177F-2 1 H o u r  40 0 600 10 

0 .458  
0.240 
0.373 
0 .278  

"Cour tesy  o f  Mobil O i l  Company 

RESEARCH LABORATORY SKp I N D U S T R I E S ,  I N C .  



A L  67 TO 63 

E N C L O S U R E  14 

T Y P I C A L  S M E A R I N G  F A I L U R E  O F  B L A C K -  
O X I D E  C O A T E D  WB-49 7205 VAK B E A R I N G  

I N N E R  R I N G  G R O O V E  

B E A R I N G  N O .  104 FROM T E S T  N O .  11-2 

R E S E A R C H  LABORATORY S W F  INDUSTRIES, I N C .  

1 



TEST 
RUN NO. 

11-6 

11-9 

11-7 

11-4 

11-3 

11-2  

11-5 

1 1 - 1  

AL 67 TO63 

E N C L O S U R E  1 5  

E N D U R A N C E  OF C V M  WB-49 7205 VAK B E A R I N G S  (BLACK O X I D E  C O A T E D )  

BRG. NO. 

20t 

202 

*301 
'302 

203 

204 

107 

1 9 8  

1 05 
106 

103 
104 

109 
110 

1'11 

1 0 2  

THRUST LOAD = 459LBS.(C/P = 6.2) 

CAGE AVG. AVG . 
BORE BRG . SUMP 
WEAR M I L S .  T E M P . 9  TEMP. OF 

48.0 572 5 37 

13.5 605 

9.2 61 8 &16 

37.7 582 

7.2 545 61 5** 
46.2 61 4 

4.8 576 541 
41.7 5 92 

5.0 
65 .O 

6 0 7  
585 

6 0 3 * *  

13.0 592 5 7 6  

4.2 E85 

THESE BEARINGS WERE TESTED USING Esso TURBO OIL 35. 

** THESE VALUES ARE NOT BELIEVED TO BE RELIABLE. 

LUBR IC AT I ON 
DISTRESSED 
E L EME FITS 

PARTS 1 I F E  
FA I LED l o 6  REVS. 

1 . R .  O.R. AND BALLS 1.9. O.R. 0.5 
SMEARED AND BALLS 
NONE NONE 

NDNE bJNP 1 .o 
t.R.,O.R. AND BALLS 1.R. O.R. 

I.R. O.R. AND B A L L S  I . R .  C.R. 1.7 
SMEAR ED AND ~ A L L S  
NONE !!ONE 

I.R.,O.R. SLIGPTLY I.R. O.R. AND 2.6 

I.R.O.R. 'ND B A L L S  I.?.,@.R. AND 

SMEARED hNC dhLLS 

GLAZED BALLS-2 F L A W  BALLS 

SMEAQED BALLS 

NONE NONE 3.4 
I.R.,O.R. AND BALLS I.R. O.R. 
SHEARED AND ~ A L L S  

NONE NONE 6.7 
I.R.,O.R. AND BALLS 
SME ARED  BALL^ 
NONE NONE 19.0 
\ .R.-GLAZED AND I.R., FND 

AND P I T T E D  

I.?. C.9. ' ;LAZiD I;R. 0.8, hND 23.9 

3 FLAKED 
I.R.,C.9. rhln B ~ L L S  I.?. 0.9. FNC 

I.R. O.R. AND 

FLAKED.O.R. CLAZFD C.R. 

hlr $ L A K E D  B 'LLS  ALL: 

SME'RED R ~ L L J  

RESEARCH LABORATORY SKP I N D U S T R I E S , I N C .  



E N C L O S U R E  1 6  

WB-49 S T E E L  S U R F A C E  O F  NEW 7205 VAK B E A R I N G  
S H O W I N G  A T T A C K  O F  B L A C K  O X I D E  C O A T I N G  

NEW I N N E R  R I N G  G R O O V E  W I T H  T H E  
C O A T I N G  R E M O V E D  F R O M  T H E  A R E A  SHOWN A B O V E  

i 

i 
I: 
E 
I 

C O A T I N G  R E M O V E D  1 

I N  T H I S  A R E A  

C I R C U M F E R E N T I A L  S U R F A C E  T R A C E  OF NEW B L A C K  
O X I D E  C O A T E D  WB-49 STEEL I N N E R  R I N G  W I T H  T H E  

C O A T I N G  R E M O V E D  F R O M  T H E  A R E A  SHOWN A B O V E  

R E S E A R C H  LABORATORY SKP I N D U S T R I E S *  I N C *  I 



0 
1 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 
8 
8 
I 
I 

ENCLOSURE 17 AL6 7 T O 6 3  

WB-49 STEEL SURFACE OF ~ UNCOATED ~~ NE 

I 

NEW INNER R I N G  GROOVE 

CIRCUMFERENTIAL SURFACE TRACE OF NEW UNCOATED WB-49 STEEL INNER R I N G  

RESEARCH LABORATORY 5 K P  I N D U S T R I E S ,  INC.  

I 
I 



A L 6 7 T 0 6 3  

E N C L O S U R E  18 

M-50 S T E E L  S U R F A C E  U N D E R  B L A C K  
O X I D E  C O A T I N G  ON NEW I N N E R  R I N G  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

RESEARCH LABORATORY 5KP I N D U S T R I E S ,  I N C .  

NEW I N N E R  R I N G  G R O O V E  W I T H  C O A T I N G  R E M O V E D  



T i S T  
9Ub' k 'G.  

11-19 

11-12 

l l - 1 5  

11-10 

11-11 

11-13 

11-14 

11-15 

11-16 

11-17 

I I-2c 

11-21 

11-22 

I 1-23 

11-24 

A L 6  7 T O 6 3  

E N C L O S U R E  19 

E N D U R A N C E  OF CVM WB-49 7205 VAB B E A R I N G S  ( U N C O A T E D )  

3RG. NO. 

41 9 
42 0 

405 
406 

41 7 
41 R 

bo1 
402 

403 
404 

407 
408 

409 
41 0 

41 1 
41 2 

41 3 
41 4 

41 5 
41 6 

42 1 
42 2 

42 3 
424 

4 25 
42 6 

427 
428 

429 
430 

T H ~ U S T  1 . 0 4 ~  = b59 L " S . ( C / P  6 . 2 )  

CASE AVC . AVG.  
B 09C BRG. SUP? 
VFAQ PILS. TEMP. OF TEMP. OF 

43.5 
3.3 

7.6 
<O.l 

4 P . t  
39.5 

3.5 
4.5 

4 2 

1.7 

2.1 
0.2 

0.5 

4C.1 
40.1 

<o .l 
3.5 

(0.1 
0.2 

1.5 
0.7 

4 .O 

0.5 
(0.1 

5.2 
<0.1 

4 .o 

4.0 

4n.t 

4.2 

574 
586 

600 
601 

601 
587 

6 07 
557 

594 
602 

592 
604 

579 
598 

594 
595 

600 
565 

600 
590 

598 
593 

599 
578 

587 
588 

601 
585 

597 
594 

537 

6ro* 

541 

6QV 

588 

592 

5 36 

546 

574 

579 

534 

573 

61 5*  

541 

577 

SPF'C = 43,000 RPM LUZ'RICI.NT - M C B I L  XRb177F 

LUBR I CAT I ON PART(  1 l l F E  

ELEMENTS 
? I  STRESSED FAILED 1 n6 RW. 

I .q.,  O.Q., I.R., O.R.. 46.2 
B A L L S  B A L L S  SMEARED 

NONE )!ONE 

NONE NONE 70.7 
I.R., O.R., @ALLS 1.R. O.R. 
SME A REO AND d A L L S  

 ONE %!ONE 125.6 
I .R., O.R., 4NO I.R. O.R. 

AND ~ A L L S  B A L L S  SMEARED 

NONE 
NONE 

?!ONE 
NONE 

NONE 
NONE 

NONE 
NONE 

NONE 
NONE 

NONE 
NCNE 

NONE 
NONE 

NONE 
NONE 

NONE 
NONE 

NONE 
\!ONE 

NONE 
?lo NE 

No NE 
NONE 

NONE 4 65 
NONE 465 

NCNE 465 
NONE 4 65 

!!ONE 4 65 
NONE 4 65 

NONE 4 65 
No NE h 65 

NONE 465 
NONE 4 65 

NONE 4 65 
NONE 4 65 

NONE 4 65 
NONE 4 65 

NONE 465 
No NE 465 

NONE 465 
WONE 4 65 

NONE 4 65 
NONE 465 

NONE 465 
NONE 465 

NONE 4 65 
NONE 465 

* THESE VALUES A R E  NOT BELIEVED TO BE RELIABLE.. 

RESEARCH LABORATORY SKp I N D U S T R I E S ,  I N C .  
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E N C L O S U R E  20 

S M E A R E D  7205 V A G  B E A R I N G  A F T E R  T E S T I N G  A T  600°F 

B E A R I N G  N O ,  194130 TEST R U N  N O .  111-15 

RESEARCH LABORATORY 5np I N D U S T R I E S ,  I N C .  
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A L 6 7  TO 63 

E N C L O S U R E  21 

T Y P I C A L  U N F A I L E D  7205 VAR B E A R I N G  

I N N E R  R I N G  G R O O V E  

B E A R I N G  N O .  108429 TEST RUN N O .  11-24 

RESEARCH LABORATORY SIcP I N D U S T R I E S ,  I N C .  



AL67T063 
ENCLOSURE 22 

WEIBULL PLOT OF 7205 VAR F A I L U R E  DATA 

o m - +  CD u) e m (u - 0 
(u 

;9 
RESEARCH LABORATORY ssp I N D U S T R I E S ,  I N C *  

I 
6 
e 
L 

9 

E 

t 

E 

2 

PI 
6 
e 
L 
9 

E 

t 

E 

2 

,01 

6 
e 
L 
9 

zi 

c 

E 

2 

D I  
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1 
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I 
I 
8 
8 
I 
8 
8 
I 
I 
I 

~~~ 

A L 6 7  TO 6 3 

ENCLOSURE 23 

STRUCTURE OF WB-49 BEARING STEEL 
x 
0 
v) cu 

x 
0 
0 
0 
rl 

RESEARCH LABORATORY SKP INDUSTRIES,  INC. 



AL67T063 

rn 
k 
Q, 
cr 
Q, 
a 
m 
k 
m 

PI 

e 
E 
4 
4J 
m 
k 
Q, 

0 

71 
Q) 
cr 
1 
n 
3 
0 
c) 

n 

ENCLOSURE 24 

COMPUTED DYNAMIC C H A R A C T E R I S T I C S  OF T E S T  B E A R I N G S  

t- 

0 0  
0 0  

k k  
0 0  
v c  
m d  
B E  
I 1  

f i f i  
Q , Q ,  
r n m  

k k  
Q,a 
E E  
E E  
Hi4 

44 

0 0  
0 0  

& k  
0 0  
v s  
m . r (  
I 1  
a f i  
d-4 

5 :  
r n r n  

& k  
Q , a J  
c r c r  
s s  
0 0  

m 

CT 
4 
09- I -  

I O W F  
v ) Q d  

m 

. . . .  

t- 

o c v t - R I  

O Q a D V  
v ) Q W  cv 

d . . . .  

F 

t- 
. 

v) 

I- 
. 

Q 

h 

W 
0 
d 
0 
E 
d 
0 
k 
0 

tn 
a 
S 
fi 

E 

aa 

d 

4 

Q, 
h 
a 
0 
cr 

d 

0, 
E 
4 
k 
m 
Q) 
m 

4 

cu 
0 

Q, 
cu 
J 
d 

0 

cu 
0 

a3 
Ccl 
d 
4 

RESEARCH LABORATORY Ssp I N D U S T R I E S ,  I N C .  
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AL67 TO63 

ENCLOSURE 25 

ANALYSIS OF XRY 1 7 7 F  FLUID SAMPLES BEFORE AND AFTER 6 O O O F  TESTING 

N e w  U s e d  XRY 177F* 
P r o p e r t v  XBM 177F* ( T e s t  E-82) ( 8 )  

K i n e m a t i c  V i s c o s i t y  
a t  21OoF,  c s  

Change 

B r o m i n e  No. 

C a r b o n  R e s i d u e  

39.63 

- 
0 . 1  

0.01 

49.55 

+25.0 

0 . 5  

*Courtesy o f  M o b i l  O i l  Company 

RESEARCH LABORATORY 6ICp I N D U S T R I E S ,  I N C .  
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E N C L O S U R E  26 

SUMMARY OF H I G H - T E M P E R A T U R E  B E A R I N G  E N D U R A N C E  R E S U L T S  
(7205 bearings a t  43,000 rpm w i t h  N2 b l a n k e t )  

B E A R  INO 
STEEL L U l R I C A N T  - --- 
Fi-1 Esso TURBO OIL 35 
M-1 Esse Tunso OIL 35 
N-1 Moa IL XRM-177F 

WB-49 M O B I L  XRn-177F 

THllUST Ne. KO. PREDOMINANT BEARING L10 LIFE MILL. REVS, 
L O A D  REARlNOf BEARIN‘’$ FAILURE C m t E D -  6 AX. LIKELIHOOD 

TEMP.OF L O S .  TESTED FAILEB MOB E LIMA C OMPUTER ESTIHA TEI - - -- - --- - -- 
500 365 30 2 SMEAR I NC 480 2 48 
5110 459 30 1 0  SPACLING* 2 4 0  2 0 7  59 
600 459 10 0 !]ONE 240 207 7 500 
60 0 45 9 30 3 SMEAR INC 7 40 1 4 4  328 

~ ~-~ ~~ 
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REPORT DISTRIBCTION LIST FOR CONTRACT 

m3-7912 

NASA-Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attention: 

Air-Breathing Engine Procurement Section, M .S . 60-5 

Dennis Townsend, H.S. 60-6 
W. Roudebush, M.S. 60-6 
L. E. Macioce, M.S. 60-6 
Technology Utilization Office, M.S. 3-19 
James Pelouch, M.S. 500-203 
I. I. Pinkel,  M.S. 5-3 
E. E. Biason, M.S. 5-3 
R. L. Johnson, M.S. 23-2 
W. R. Loomis, M.S. 23-2 
W. J, Anderson, M.S. 23-2 
Fred Mackes, M.S. 3-15 
E. v. zwetsky, M.S. 6-1 
Reports Control Office, M.S. 5-5 
Library, M,S . 60-3 

J. Howard Childs, M.S. 60-4 

NASA Headquartere 
Washington, D. C. 20546 
Attention: 

Nelson Rekoe, RAP 
M. Comberlate 
A. J. Evans, RAD 

NASA-Langley Research Center 
Langley Station 
-ton, Virginia 23365 
A t t e n t  ion: 

Mark R. Nichols 

NASA-Scientific and Technical Information Fac i l i ty  
P.O. Box 33 
College Park, Maryland 20740 
Attention: 

NASA Representative 
R&T-2448 

FAA Headquarters 
Washingbony D. C. 20546 
Attention: 

M, Lott 
J ,  Chavkin 
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Wright-Patterson AFB, Ohio 45433 
Attention: 

A i r  Force Material8 Laboratory 
MANL, R.  Adamczak 
MANL, F. Hsrsacw 
MAMD, Walter Trapp 

A i r  Force Aero Propulsion Laboratory 
APFL, K. L. Berkey 
A€TP, I. J. Gershon 
AETL, G. A. B e a m  IV 

Supersonic Transport Office 
SESHA, J. L. W i l k i n s  

U. S. Naval Air Material Center 
Aeronautical Engine Laboratory 
Philadelphia, Pennsylvania 15212 
Attention: 

Engine Lubrication Branch 
A. L. Lockwood 

U. S. Naval Research Laboratory 
Washington, D. C. 20390 
Attent ion: 

Charles Murphy 

Department of the Navy 
Washington, D. C. 
A t  t e n t  ion: 

Bureau of Naval Weapons 
A. B. Nehman, RAAE-3 
C. c. Singleterry, r n - 4  

Bureau of Ships 
Barry King, 634A 

U. S. Army Ordnance 
Rock Island Arsenal Laboratory 
Rock Island, I l l i n o i s  61201 
Attention: 

R. LeMar 

D e p a r t m e n t  of the  Navy 
Naval Ship Research and Development Center 
Annapolis, Maryland 21402 
Attention: 

Paul Schatzberg 
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Department of the  
U. S. Army Aviation Materials Iaboratory 
Fort Eustie, Virginis 23604 
Attention: 

Propulsion Divioion 
J. W. White 

Airsearch Manufacturing Compsqy 

9851 Sepulveda Blvd. 
Los m e l e e ,  California 90009 
Attention: HaM J. Poulaen 

Dept. 93-3 

Alcor Incorporated 
2905 Bandera Road 
San Antonio, Texas 78205 
Attention: Mr. L. Hundere 

Avco Corporation 
~ c a m i n g  Division 
550 Main Street  
Stratford,  Connecticut 06497 
Attention: M. S. Saboe 

Aerojet-Gcneral Corporation 
20545 Center Ridge Road 
Cleveland, Ohio bkll6 
Attention: D. B. Rake  

Allegheny Ludlum Steel  Corporation 
Ol ive r  Building 
Pittsburgh, Pennsylvania 15222 
Attention: Library 

Boeing AircraFt Company 
Aerospace Division 
Seattle, Washington 98101 
Attention: Materiale and Processing Section 

J. W. VsnWyk 

BatteUe Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43201 
Attention: C. m e n  
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Borg-Warner Corporation 
Roy C. Ingersoll Research Center 
Wolf and Algonquin Roads 
~ e s  Phines,  I l l i n o i s  60016 
Attention: Library  

Curtiss-Wright Corporation 
Wright Aeronautical Division 
Wood-Ridge, New Jersey 0'7075 
Attention: S . Lombard0 

California Research Corporation 
Richmond, California 94802 
Attention: N e i l  Furby 

D. M a y  

Crucible Steel  Company of America 
Oliver Building, Mellon Square 
Pittsburgh, Pennsylvania 15222 
Attention: Library 

Caterpil las Tractor Company 
Peoria, I l l i no i s  61601 
Attention: B. W. Kelley 

Dow Chemical Company 
Abbott Road Buildings 
Midland, Michigan 4864-0 
Attention: Dr. R. Gundereon 

Dow Corning Corporation 
Midland, Michigan 48640 
Attention: R. W. Awe 

H,  M. Schiefer 

Douglas Aircraft Company 
3000 Ocean Park Blvd. 
W t a  Monica, California 9406 
Attention: R. McCord 

E. I. W o n t  de Nemours and Company 
Wilmington, Delaware 19898 
Attention: Organic Chemicals Department 

Freon Products Division 
John J. Daly, Jr. 
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E. I. W o n t  de Nemours & Company 
Market Street  

Wilmington, Delaware 19898 
Attention: George Finn 

ERPI Precision Products Company 
227 Burlington Avenue 
Clasendon Rille,  Illinois 60514 
Attention: C. Dean 

FrankLin Ins t i t u t e  Laboratory 
20th & Parkway 
Philadelphia, Pennsylvania 19103 
Attention: Otto Decker 

F a k i r  Bearing Compsny 
37 Booth Street  
New Britain, Connecticut 06051 
Attention: H. B. V a n  hrn 

Fairchild Engine and Airplane Corporation 
S t ra to  Division 
Bay Shore, New York 
Attention: L i b r a r y  

G u l f  Research & Development Company 
P.O. Drawer 2038 
Pittsburgh, Penney lvda  15230 
Attention: Dr. H. A. Ambrose 

General Electr ic  Company 
General Engineering Laboratory 
Schenectady, New York 12301 
Attention: Library 

General Electric Company 
G a s  Turbine Division 
Evendale, Ohio 45202 
Attention: B. Venable 

E. N. Bamberger 

General Motors Corporation 
New Departure Division 
Bristol ,  Connecticut 06010 
Attention: W. 0 'Rourke 
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General Motors Corporation 
Hyatt Division 
SandusQ, Ohio 44870 
Attention: B. Ruley 

General Motors Research Laboratory 
Warren, Michigan 48090 
Attention: N i l s  L. Muench 

II” Research Ins t i t u t e  
West 35th Street  
Chicago, I l l i n o i s  60616 
Attention: W. Jamison 

Industrial  Tectonics, Inc . 
Research & Development Division 
18301 Santa Fe Avenue 
Compton, California 90220 
Attention: Heinz Hanau 

Lockheed Aircraft Corporation 
Lockheed Missile & Space Co. 
Material Science Laboratory 
3251 Hanover Street  
Palo Alto, California 94301 
Attention: F. J. Claws 

Mechanical Technology, Inc . 
Latham, New York 14603 
Attention: B. Sterrilicht 

Midwest Research Ins t i tu te  
425 Volker Blvd. 
Kansas Ci ty ,  Missouri 64UO 
Attention: V . Hopkins 

A. D. St .  John 

The Marlin-Rockwell Corporation 
Jamestown, New York 14701 
Attention: A. S. Irwin 

Monsanto Chemical Company 
800 North Lindbergh Blvd. 
St.  Louis, Missouri 63166 
Attention: K. McHugh 
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North American Aviation Corporation 
Downey, California 90241 
Attention: W. A. Strsalkoweki 

Pennsylvania State University 
Department of Chemical Engineering 
University Park, Pennsylvania 19406 
Attention: Dr. E. E. Klauee 

Rocketdyne Division of North American Aviation 
Caaaga Park, California 
Attention: Library 

Mobil Oil Corporation 
Paulsboro Laboratory, Research Depestment 
Paulsboro, New Jersey 08066 
Attention: E. Oberright 

Southwest Research Institute 
San Antonio, Texas 78205 
Attention: P. M. Ku 

Stewart-Warner Corporation 
1826 Diversey Parkway 
Chicago, Illinois 60614 
Attention: R. F. Whaston 

Timldn Bearing Company 
Canton, Ohio 44701 
Attention: W. Littmarvl 

United Aircraft Corporation 
Pratt & Whitney Aircraft Division 
East Hartford, Connecticut 06108 
Attention: R. P. Schevchenko 

P. Brown 

Westinghouse Electric Corporation 
Research Laboratories 
BeuLah Road, Churchill Borough 
Pittsburgh, Pennsylvanla 15235 
Attention: J. Boyd 
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